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This study developed a temperature controlled semi-active tuned mass damper (TMD) using 
shape memory alloy (SMA) for civil structural applications. It addressed the off-tuning issues 
caused by the variances in structural mass and stiffness when in service, since off-tuning of 
the TMD increases the structural response. The effect of in-service temperature on SMA can 
provide adaptive dynamic properties to TMD. Therefore, the natural frequencies can be 
adjusted to an optimal range. 
In this thesis, the material characterisation of SMA is studied through acting dynamic cyclic 
loading. It was found that Cu-Al-Mn SMA has a superior self-centring capacity, adequate 
fatigue life and a large damping ratio. By controlling the in-service temperature of a 
cantilever SMA beam, it was found that the stiffness of the SMA increases and the damping 
ratio reduces with higher temperatures in free vibration. It is important to note that these 
properties are increasingly sensitive to temperature when pre-stress is applied and the pre-
stressed level is approximate to the phase transformation temperature. The potential for 
employing SMA with temperature control in a semi-active TMD system is considerable. 
The feasibility of this type of semi-active TMD was studied experimentally by mounting the 
SMA-based TMD on a cantilever beam to reduce the excessive vibration caused by off-
tuning. For lateral loadings, the non-pre-stressed SMA was applied to a steel framed structure 
for addressing the off-tuning issues experienced under actions caused by earthquakes and 
wind by conducting shaking table tests. Cooling the SMA can effectively retune the structural 
frequencies and attenuate the vibration, but heating the SMA contributed limited 
effectiveness. This is because the damping losses and stiffness variance are relatively small 
while heating. In simulation studies, a timber floor-TMD system was modelled under vertical 
excitations. Both heating and cooling of the SMA can effectively retune the structure from 
its off-tuned state and can consequently reduce the excessive vibration. Moreover, 
temperature control of the SMA can shift the natural frequencies to avoid resonance under 
harmonic loadings. Based on the theoretical and experimental studies in this thesis, the 
temperature controlled semi-active TMD with SMA can address the off-tuning issues 
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Chapter 1 Introduction 
1.1 Background and motivation 
Buildings can be affected by different types of vibration, such as seismic, human and wind-
induced vibrations, which means that the safety level of structures and the comfort levels of 
the building occupants should be addressed by designers. Seismic actions can induce large 
deformations, which could cause structural instability due to connection damage or support 
failure. During earthquakes, the non-structural elements, such as partition walls, canopies 
and decorations, could possibly detach or collapse because of large deformation, which 
represents a significant threat to the occupants. Additionally, wind can induce long-term, 
dynamic forces on buildings that can be very powerful. For instance, wind-induced vibration 
can lead to high-cycle fatigue on structural elements due to cyclic stress; therefore, structural 
characteristics such as stiffness and strength should be modified. Moreover, this vibration 
may loosen non-structural elements, such as windows, sightseeing lifts and advertising 
boards, causing considerable safety problems. Continuous and small vibrations may also lead 
to problems for the building residents, who could feel uncomfortable, nauseous or anxious.  
In order to mitigate the structural vibration, the traditional strategy is to increase the structural 
resistance passively, e.g. by enlarging the cross-sectional area of structural members and 
using high-strength materials. However, this approach can incur increased construction costs. 
Because of the randomness of the excitations on building structures, excitations could exceed 
the design criterion and damage the structure. A more efficient method to reduce the 
structural response is to implement vibration control technology, in which the control system 
can tune the structure in order to dissipate energy and damp the vibration. General damping 
systems include tuned sloshing dampers, tuned liquid column dampers and tuned mass 
dampers. The first two damping systems referenced here are regarded as simple but space-
intensive approaches, because the fluid motion requires a storage area and a safety margin 
area in case of water spill (Irwin et al., 2008). By contrast, using tuned mass damper (TMD) 
is a less complex and space-saving approach.  
Figure 1-1 (a) shows the installation of a TMD on a building. Figure 1-1 (b) converts it into 
a theoretical model, a two-degree-of-freedom (2DOF) system, in which 𝑚1 represents the 
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mass of the main structure and 𝑚2 implies the mass of the TMD. 𝑘1, 𝑘2 and 𝑐1, 𝑐2 symbolise 
the stiffness and damping of the main structure and the TMD, respectively. The TMD is 
commonly installed in the location where the motion is the greatest, such as on the highest 
floor of the structure (Irwin et al., 2008). The function of the TMD enables the natural 
frequency to be tuned to an optimal range, so that the damper can resonate with the structure 
out of phase (Connor, 2003). According to energy balance laws, the energy output should be 
the same as the input. The relative motion of the TMD is a method of outputting energy, thus 
the energy input in the structure can be dissipated and the vibration can be mitigated. 
Therefore, the mass and stiffness of a TMD (𝑚2 and 𝑘2) are usually designed in a specific 
manner in order to achieve optimal tuning levels (Den Hartog, 1956; Tsai and Lin, 1993). 
TMDs are widely used around the world, having been applied in Taipei 101 in Taipei, the 
Bloomberg Tower in New York, the Sydney Tower in Sydney, the CN Tower in Toronto and 
the 200 Clarendon in Boston. 
  
(a) (b) 
Figure 1-1 (a) Installation of TMD on the structure; (b) Theoretical TMD principle 
Despite their widespread use, the limitations of TMDs remain apparent in engineering 
practice. The stiffness and mass of buildings can vary due to seismic events, decoration, 
repair, and the movement of people and facilities. When the mass and stiffness of the main 
structure are changed, the effectiveness of the TMD could be significantly reduced. In other 
words, the natural frequency of the TMD should coincide with that of the structure so as to 
induce resonance as, if the natural frequency of the structure changes, the TMD would 
consequently become off-tuned. Another disadvantage highlighted by skyscraper 
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construction is that the mass of the TMD is frequently large, which leads to increased 
financial expenditure and spatial requirements. 
A growing number of studies have sought to devise a semi-active TMD system in which 
stiffness and damping can be adjusted actively in reaction to the smallest responses of the 
main structure, thereby effectively managing the change of structural characteristics (Abe, 
1996; Varadarajan and Nagarajaiah, 2004; Sun et al., 2013). Thus, the semi-active TMD can 
retune the natural frequency of the main structure in case of off-tuning. To achieve this 
purpose, the introduction of a smart material or shape memory alloy (SMA) for utilisation in 
such systems is particularly important due to its self-centring capacity, temperature 
controllability and adequate fatigue life compared to more traditional construction materials. 
With respect to the thermomechanical properties of SMAs, it is important to highlight the 
design philosophy whereby SMA components in a TMD can provide optimal properties by 
varying the in-service temperature to retune the main structural natural frequency when the 
TMD is off-tuned due to main structural changes. The dynamic properties of SMAs are 
sensitive to changes in temperature. Thus the dynamic properties of SMA can be varied with 
in-service temperature. Also, the superelasticity of SMA can provide improved durability 
when compared with conventional materials, particularly under large deformations. The 
SMA-based semi-active TMD has been studied in the field of mechanical engineering for 
reducing machine-induced vibration (Williams et al., 2002; Elahinia et al., 2005; Aguiar et 
al., 2013). When civil structures are subjected to earthquake or wind actions, the excitations 
involve a broad range of frequencies and can be more random and uncertain. Therefore, the 
effectiveness of the retuning ability of SMAs should be examined. It is important that the 
SMAs are characterised under dynamic loadings under different frequencies and strain levels 
as well as over long cycles, in order to investigate their stability in their application in civil 
structures. Moreover, the SMAs with larger size should be applied and studied concerning 
their potential for civil engineering usage. The relationship between the dynamic properties 
of SMAs and temperature should be examined, and the feasibility of the temperature control 
strategy should be assessed. The effectiveness of this semi-active TMD should be 
investigated on different structural types under various excitations, including seismic, wind-
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induced and human-induced vibration. The aim is to reduce the resulting excessive vibration 
caused by off-tuning by controlling the temperature of the SMA-based semi-active TMD. 
1.2 Objectives 
The main aim of this project is to develop a system for civil structure use that incorporates a 
semi-active TMD system using SMA with temperature control, so that the mechanical 
properties of the SMA will change and, in consequence, reduce the excessive vibration 
caused by TMD off-tuning. The objectives are highlighted below: 
 To understand the material characteristics of SMA bars under dynamic loading. The 
effects of loading frequency, strain level and loading cycles on dynamic performance 
as well as the fatigue behaviours of SMAs should be studied.  
 To investigate the relationship between the dynamic properties of SMA bars and the 
in-service temperature in conditions with and without pre-stress. The effect of pre-
stressed levels on the dynamic properties of SMAs should be studied. 
 For lateral excitations including seismic and wind actions, to assess the effectiveness 
of SMA-based temperature controlled semi-active TMDs.  
 For vertical excitations such as the floor vibration, to assess the effectiveness of 
SMA-based temperature controlled semi-active TMDs. 
The thesis is organised in accordance with reaching these aforementioned objectives.  
1.3 Structure of the thesis 
The flow chart in Figure 1-2 presents the structure of this thesis. The study commences with 
a cyclic characterisation of shape memory alloy bars in Chapter 3, in order to understand 
their fatigue behaviours. Chapter 4 theoretically studies the effect of semi-active control of 
TMDs on reducing the structural response, which highlights its importance in addressing off-
tuning issues. As SMAs can exhibit different behaviours under different temperatures, they 
have the potential to be used in temperature control systems in a semi-active TMD by 
providing variable properties. Chapter 5 experimentally studies the effect of in-service 
temperature on the characteristics of SMA without pre-stress for reducing lateral vibration 
and with pre-stress for reducing vertical vibration. For enlarging the control capacity, the 
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sensitivity of SMAs to temperature under different conditions is discussed. In Chapter 6, the 
feasibility of this temperature controlled semi-active TMD using SMA is assessed on a 
cantilever beam in order to reduce its excessive free vibration due to off-tuning. In terms of 
civil engineering usage, this type of TMD is designed to reduce the building structural 
vibration experienced under various excitations, e.g. earthquakes, wind and human activities, 
where the aim is to address the off-tuning issues for practical use. Chapter 7 experimentally 
studies the effectiveness of the non-pre-stressed SMA-based semi-active TMD in reducing 
the seismic vibration of a steel framed structure by conducting a series of shaking table tests. 
The aim of heating and cooling the SMA is to retune the structure from off-tuning and, 
consequently, to attenuate the seismic vibration. The same steel framed structure-TMD 
system is continuously studied under wind actions, modelled by the shaking table tests in 
Chapter 8. Chapter 9 presents the results of employing a pre-stressed SMA in reducing 
excessive vibration in a simulated timber floor system. The off-tuning issues caused by 
varying mass are addressed in a broad range of frequency domains, and analysis in the time 
domain under footfall excitation is conducted. Moreover, the effect of the frequency shifting 
function using heating/cooling on the SMA on reducing machined-induced harmonic 
vibration is investigated.  
The majority of the content in Chapter 5 has been published in the journal of ‘Structural 
Control and Health Monitoring’, and another part was submitted to the journal of ‘Structural 
Control and Health Monitoring’ in article ‘Retuning an off-tuned tuned mass damper by 
controlling temperature with shape memory alloy – shaking table tests’ which is under review. 
The content of Chapter 6 has been published in ‘Feasibility of shape memory alloy in a 
tuneable mass damper to reduce excessive in-service vibration’ in the journal of ‘Structural 
Control and Health Monitoring’. The content of Chapter 7 has been submitted to the journal 
‘Structural Control and Health Monitoring’ and is under review. The content of Chapter 8 
has been compiled as part of an academic paper and has been submitted to ‘Engineering 
Structures’, where it is under review. The majority of the content of Chapter 9 has been 























Figure 1-2 Structure of the thesis 
Chapter 3 Fatigue of 
SMA 
Shape memory alloys are characterised under 
cyclic loadings, and the dynamic behaviours 
are examined regarding their use in a tuned 
mass damper. 
Chapter 4 Theoretical 
development of TMD 
The importance of semi-active control on 
TMDs is appraised. 
Chapter 5 Free vibration of SMA bars 
in different temperatures (pre-stressed 
and non-pre-stressed) 
The effect of in-service temperature on the 
dynamic properties of SMAs is characterised 
regarding the usage of SMA in temperature 
control of a semi-active TMD.  
Chapter 6 Feasibility of SMA in a semi-active 
TMD to reduce excessive free vibration 
The feasibility of a temperature controlled 
semi-active TMD using SMA is assessed 
on a cantilever beam. 
Application of non-pre-stressed SMA to a semi-
active TMD to address structural off-tuning 
issues. 
Application of a pre-stressed SMA to a 
semi-active TMD to address structural 
off-tuning issues. 
Chapter 7 Application I: 
Application to a steel structure 
subject to earthquake 
conditions – shaking table tests 
Chapter 8 Application II: 
Application to a steel 
structure subject to wind 
action – shaking table tests 
Chapter 9 Application III: 
Application to a timber 




Chapter 2 Literature Review 
As illustrated above, the vibration behaviours will be influenced significantly when the 
natural frequency of structure changes. It is thus vital to adjust the natural frequency of TMD 
semi-actively for an effective tuning of the natural frequency of structure. Shape memory 
alloy is investigated to apply in a semi-active tuned mass damper for vibration control in this 
study. Therefore, how the temperature influences the properties of SMA is important to learn, 
in order to use the temperature control approach to providing variable properties. Moreover, 
the dynamic behaviours of SMA should be examined comprehensively regarding the effect 
of loading cycles, loading frequency and fatigue. With the development of copper-based 
SMA, which has comparable performances with NiTi-based SMAs and costs less, the 
dynamic behaviours of copper-based SMAs should be investigated. Another important effect 
is the large grain size of copper-based SMA; for this reason, the characteristics and influences 
of the grain size should be explored through the previous practice.  
As a popular device in vibration control, tuned mass damper has been developed throughout 
more than 100 years. The operation theories and optimal design approaches should be 
overviewed. Recently, active TMD and semi-active TMD have increasingly been developed 
to enhance their efficiency. SMA, as a smart material, could play an important part role by 
providing variable stiffness and damping into the system. In this chapter of literature review, 
the characteristics of SMA are studied, and the applications of SMA in civil engineering are 
overviewed regarding its capabilities and limitations in the previous practice. The 
fundamentals and development of TMD are then reviewed to provide a basic understanding 
of its benefits and drawbacks. A series of optimal tuning approaches of TMD are examined 
for a more efficient design. The studies which employed SMA in a semi-active TMD are 
appraised and compared with other types of semi-active TMD and active TMD studies.   
2.1 Shape memory alloys 
Shape memory alloys (SMAs) have been developed since the 1960s and have been applied 
to various sectors, including the medical industry, mechanical engineering, aerospace 
engineering and civil engineering. In the civil engineering domain, SMAs have been mainly 
developed for use in vibration damping, actuator applications and structural repair (Janke et 
al., 2005). The superelasticity of SMAs provides a superior self-centring function, which 
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facilitates the damping for seismic and wind-induced loadings. The unique 
thermomechanical properties of SMAs have the potential to control mechanical behaviours 
by adjusting the temperature. SMAs are becoming a popularly investigated smart material 
because of their unique material properties.  
 
Figure 2-1 (a) Different phases of SMAs at various temperatures and a stress-strain curve demonstrating the 
(b) superelasticity; (c) shape memory effect (Chang and Araki, 2016) 
Two unique mechanical characteristics of SMAs are superelasticity and the shape memory 
effect (SME) (Duerig, 1990). As presented in Figure 2-1 (a), there are four phase 
transformation temperatures   𝑀𝑠 ,  𝑀𝑓 ,  𝐴𝑠  and  𝐴𝑓 , which indicate the start and finish 
temperatures of the martensitic and austenitic transformations, respectively. The mechanical 
characteristics of the SMA are dependent on these temperatures. The stress-strain curve of 
the SME is shown in Figure 2-1 (c). The original phase of the SME is martensite and, after 
unloading, plastic deformation occurs. When the SMA is heated, the phase transformation 
from martensite to austenite occurs and the shape recovers to its undeformed state, as seen in 
Figure 2-1 (a). Figure 2-1 (b) demonstrates the superelasticity of the SMA. The stress-strain 
curve reveals that the recoverable strain is large because the SMA can virtually return to its 
original shape, even though the curve passes the yield point and nonlinear deformation occurs. 
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This phenomenon is described as stress-induced phase transformation. Originally, the 
superelastic SMA is in the austenitic phase and the phase transformation to martensite occurs 
when it is loaded to a particular stress level. Furthermore, during unloading at the 
retransformation stress level, the SMA transforms back to austenite and recovers to its 
undeformed shape (Figure 2-1 (a)). Superelasticity becomes a highlight of studies because 
the self-centring characteristics are significantly faster than that of the SME and the stiffness 
of superelastic SMA is higher, even though the damping of the SME is large. 
In this section, the current development of SMAs and the various families of the material are 
firstly reviewed. In terms of the potential for temperature control, investigating the effect of 
temperature on SMA is essential. With respect to its durability in service, it is also important 
to study the mechanical characteristics of SMAs. During the cyclic loadings, the effect of 
frequency and cyclic loading, as well as fatigue properties from previous studies, should be 
discussed. Another important effect on the material is the grain size, and therefore SMAs 
with different grain size should be compared. Hence, in this section, material studies of SMAs 
regarding effect of temperature, cyclic loadings and grain size are reviewed and discussed. 
2.1.1 Current development of shape memory alloys 
‘Shape memory’ was first proposed in 1941 by Vernon and Vernon (1941) for developing a 
polymeric dental material. In 1963, the shape memory effect was revealed in an NiTi alloy 
by Buehler et al. (1963). It is noticeable the NiTi alloy has comparable mechanical properties 
with other engineering materials and particular shape recovery ability; the term ‘Nitinol’ was 
given to the NiTi shape memory alloy as an honour for its discovery at the Naval Ordnance 
Laboratory (NOL) (Lagoudas, 2008). Since that time, the materials studies in terms of the 
treatment and compositions of SMAs have been ongoing. In 1965, the NiTi shape memory 
alloy was used for the first time commercially in a fighter aircraft (Wayman and Harrison, 
1989). To enhance the performance of the NiTi SMA, the transformation temperature was 
investigated to be adjusted by varying the nickel composition (Ozbulut et al., 2011). NiTi 
has also been developed to show a large recoverable strain of 8% as well as different forms, 
including wires, plates, bars and tubes (Hodgson, 2002; Janke et al., 2005). Since the 1980s, 
the commercial applications of the NiTi SMA have been developed in a broad range of 
industries such as aerospace, robotics, automotive, building construction and biomedical 
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(Van Humbeeck, 1999; Sun et al., 2012; Sreekumar et al., 2007). The applications in the 
biomedical area are the most significant, as the NiTi SMA has been found to have superior 
corrosion resistance (Melton and Harrison, 1994). To date, among the various types of SMAs, 
NiTi alloys have become the most important material in research and applications owing to 
their long development history (Ozbulut et al., 2011; Jani et al., 2014).  
Although the NiTi SMA provides self-centring and shape memory effects effectively, it has 
been repeatedly highlighted that there are still some problems with it. NiTi SMAs have high 
material costs and are difficult to machine, particularly for construction and mechanical 
purposes (Araki et al., 2011; DesRoches and Smith, 2003). Copper-based SMAs have 
received high attention owing to their comparable shape memory properties, low costs and 
simple processing. Previous studies by Wayman and Shimizu (1972) and Delaey et al. (1974) 
found superelasticity and phase transformation in copper-based alloys. To date, the main 
copper-based SMAs are based on CuAl and CuZn (Ozbulut et al., 2011); for example, Cu-
Zn-Al, Cu-Al-Ni and Cu-Al-Be SMAs are usually in the main focus in research (Gall et al., 
1998; Miyazaki et al., 1981; Araya et al., 2008; de Albuquerque et al., 2010). There has also 
been increasing interest in Cu-Al-Be SMA for civil structural applications, as it is proven to 
be ductile and easily machined (Araya et al., 2008; Torra et al., 2004; Casciati and Faravelli, 
2008). However, Araki et al. (2011) indicated that Cu-Al-Be SMA significantly 
underperforms in contrast to NiTi SMA in terms of superelasticity, recovery strain and 
fracture strain, and is deemed to present risks to human health. In recent years, the 
performance of the Cu-Al-Mn SMA has become attractive (Sutou et al., 2003; Ishibashi et 
al., 2008; Araki et al., 2012; Araki et al., 2014; Araki et al., 2015). Studies on Cu-Al-Mn 
SMA were conducted, and the results showed that the SMA has an excellent self-centring 
capacity, with a recovery strain of 12%, superior machinability, sufficient low-cycle fatigue, 
cost-efficiency and no health risks. The applications of Cu-Al-Mn SMAs in civil engineering 
were proven to be effective and have been further developed. Another shape memory alloy 
is the iron-based SMA, which was found to have superior shape memory effect in 1982 
(Kajiwara, 1999). The iron-based SMA was further developed, and additional alloying 
elements were investigated to improve its corrosion behaviours (Li and Dunne, 1997; Baruj 
et al., 2003; Maji et al., 2006). There have been fewer research studies on iron-based SMAs 
compared with NiTi and copper-based SMAs, and another limitation is that the 
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superelasticity of iron-based SMAs still needs further development at the civil engineering 
scale, which means the costs would be relatively high (Cladera et al., 2014).  
The development of shape memory alloys is increasing in various forms, and the number of 
research studies on SMAs grows every year (Jani et al., 2014). According to the report 
conducted by the BBC (McWilliams, 2011), the global market for smart materials is 
estimated to have had a compound annual growth of 12.8% between 2011 and 2016. In recent 
years, more and more research studies have been conducted on the improvement of the 
performance of SMAs, which has encouraged the commercial  utilisation. The potential of 
SMAs is expected to be significant in the future. 
2.1.2 The different families of shape memory alloys 
As illustrated above, NiTi-based, copper-based and iron-based shape memory alloys are the 
most commonly used, and a comprehensive comparison between them is significant. It is 
known that the composition of SMAs can influence their properties, and the price can depend 
on what the element consists of. The NiTi SMA is the most common type, both in its 
application and research. On the other hand, the growing interest in copper-based SMAs has 
realised more and more potential for Cu-Al-Be, Cu-Zn-Al, Cu-Al-Ni etc. Recently, a new 
SMA Cu-Al-Mn was found to be comparable to the NiTi SMA, which has led to increasing 
research. The studies on iron-based SMAs are still in the pioneering stage, but the potential 
of using iron-based SMAs is significant and the properties should be reviewed. This literature 
review includes a general comparison and a comparison of the potential use in civil 
engineering.  
Recently, copper-based SMAs have been rapidly developed, as some of them can achieve 
mechanical properties that are comparable to NiTi. Araki et al. (2012) stated that the recovery 
strain of Cu-Al-Be is approximately 4%, which is half that of NiTi. Moreover, Araki et al. 
(2011) conducted tensile tests on two superelastic Cu-Al-Mn bars with different dimensions 
for characterisation, and found the recovery strain could achieve 12%. The fatigue life of 
single-crystal Cu-Al-Be SMA was discovered to be greater than that of NiTi, but the fatigue 
behaviours of Cu-Al-Mn are less understood. Iron-based SMAs have been developed more 
in their shape memory effect, and the iron-based SMAs containing Fe-Pt, Fe-Pd and Fe-Ni-
Co do not show superelasticity. It is noticeable that Tanaka et al. (2010) reported a Fe-29Ni-
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18Co-5Al-8Ta-0.01B (mass %) SMA, which has superelasticity with a significantly high 
recovery strain of up to 13% and a high tensile strength of 1200 MPa. Following that, Omori 
et al. (2011) proposed the Fe-36Mn-8Al-8.6Ni (mass %) SMA, which also has a large 
recovery strain and high strength. Table 2.1 shows a comparison with respect to the 
mechanical properties among different types of SMA. The recovery strain is defined as the 
maximum strain the material can recover after unloading, and the fracture strain represents 
the highest strain the material can reach before failure during loading. Transformation stress 
is the critical stress level when the austenitic SMA starts to transform to martensite during 
loading. Elastic modulus is equivalent with Young’s modulus. The damping ratio (ξ) can 
evaluate the material damping capacity by dividing the dissipated energy (ΔW) by the 






From this comparison, the recovery strain of Cu-Al-Mn is similar to that of NiTi, and the 
damping ratio of Cu-Al-Mn is high. This shows that the superelasticity of Cu-Al-Mn is 
competitive. However, the elastic modulus and transformation stress of Cu-Al-Mn are lower 
than that of other SMAs. The Fe-29Ni-18Co-5Al-8Ta-0.01B SMA shows high recovery 
strain, transformation stress and damping ratio. However, Fe-29Ni-18Co-5Al-8Ta-0.01B 
SMA and Fe-36Mn-8Al-8.6Ni SMA are not completely developed, and more understanding 
of their behaviours is needed by executing further characterisations. Additionally, in terms 
of their potential in large scale in civil structural applications, these two iron-based SMAs 
should be studied in the future. 
Even though there are superior properties (e.g. superelasticity) in NiTi-based SMAs, the costs 
for NiTi-based SMAs are high. According to Araki et al. (2011), Cu-Al-Be SMA is less 
expensive than NiTi SMA, and the Cu-Al-Mn alloy is the cheapest and even more 
inexpensive than other copper-based SMAs. One of the reasons may be the easier machining 
capabilities of copper alloys. Araki et al. (2012) indicated that the cost of Cu-Al-Mn SMA is 
about 10% of NiTi-based alloys, covering machinery and cold working, whereas the material 
cost of copper-based SMAs is around 15%-30% of that of NiTi (Araki et al., 2011). Janke et 
al. (2005) compared the commodity prices in the market, which were presented by the cost 
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ratios (the ratio between the price and that of the most expensive SMA) in Table 2.2. ARUP 
(2015) did a case study and analysed the cost after an earthquake of a ten-storey reinforced-
concrete building in Japan, and showed copper-based SMA bracings would increase the total 
construction costs by 3.5% while the NiTi SMA bracings increase the costs by 38.7%. 
Bracings using copper-based SMA have the similar construction costs with those using 
conventional materials. It is notable that copper-based SMAs and iron-based SMAs have a 
relatively lower price. The prices of the new products superelastic Fe-29Ni-18Co-5Al-8Ta-
0.01B SMA and Fe-36Mn-8Al-8.6Ni SMA are relatively high because they are still under 
development (Cladera et al., 2014). In summary, copper-based SMAs have the potential for 
extensive use owing to their lower costs and comparable mechanical properties (Niitsu et al., 
2011). 
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Table 2.2 Comparison of the cost ratios (Janke et al., 2005) 
 NiTi CuZnAl CuAlNi FeMnSiCr 
Cost ratios (%) 10-100 1-10 2-20 8-12 
 
For application in civil structures in humid and high precipitation areas, the construction 
material needs to be anti-corrosive. As demonstrated by DesRoches and Smith (2003) and 
Niitsu et al. (2011), the NiTi SMA has superior corrosion resistance. Moreover, Ozbulut et 
al. (2011) show that the NiTi SMA has higher corrosion resistance than other types of SMAs 
as well as stainless steel, and is harder to degrade. In contrast, copper-based SMAs have 
lower corrosion resistance, but adding certain elements into the copper-based SMAs can 
improve this property, e.g. adding element Be to Cu-Al-Be (Ozbulut et al., 2011). Regarding 
iron-based SMAs, either training or cold rolling could reduce the corrosion resistance 
(Soderberg et al., 1999); however, a higher Cr content can improve the corrosion resistance 
(Lin et al., 2002). The corrosion resistance is not clear for the Fe-Mn-Si SMA, which is a 
commonly studied material, and further studies are required (Cladera et al., 2014).  
To maintain safety for application and experimental works, the risk of SMAs to human health 
should be studied. In terms of the broad employment of NiTi SMAs in the medical field, such 
as the use for heart stents (DesRoches and Smith, 2003; Imbeni et al., 2003; Migliavacca et 
al., 2004), there is currently no research that reveals the toxicity of the NiTi alloy. According 
to Ishibashi et al. (2008), the Cu-Al-Mn SMA was applied as a medical tool for toenail 
treatment, which suggests that there may be no health risks for Cu-Al-Mn. Nonetheless, 
beryllium in Cu-Al-Be alloys is a toxic element (IARC, 1994). The people who use this alloy 
are recommended to use appropriate protection (Araki et al., 2011).  
According to Torra et al. (2004), the transformation stress and secant stiffness increases, and 
the damping ratio decreases, with an increase in temperature for both copper-based SMAs 
and NiTi-based SMAs. Strnadel et al. (1995) presented this behaviour in NiTi-based SMA 
tests, and Araya et al. (2008) found this to be the case in Cu-Al-Be SMA tests. However, the 
rate of increase of transformation stress with temperature is different between copper-based 
SMAs and NiTi-based SMAs. This rate is called the Clausius-Clapeyron coefficient (C-C 
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slope), and it can describe the relationship between temperature and stress. The results of 
Torra et al. (2004) are shown in Figure 2-2, which presents the C-C slope of the NiTi alloy 
as six times more than that of Cu-Al-Be. Niitsu et al. (2011) indicated that the C-C slope for 
the Cu-Al-Mn SMA was 2.7 MPa/℃ in their tests, and Nemat-Nasser et al. (2005) estimated 
the NiTi SMA C-C slope was 6 MPa/℃ . The NiTi-based SMA is more sensitive to 
temperature effects than copper-based SMAs. Copper-based SMAs are suitable for accurate 




Figure 2-2 (a): Cu-Al-Be alloy, C-C slope. (b): NiTi alloy, C-C slope. (The black dot means critical 
transformation stress; triangle represents retransformation stress; diamond implies hysteresis width.) (Torra 
et al., 2004) 
Regarding iron-based SMAs, the shape memory effect has been predominantly utilised and 
developed, and has been applied to passive vibration damping, active vibration control, 
sensors, repairing and reinforcement (Janke et al., 2005; Cladera et al., 2014). The phase 
transformation temperatures of iron-based SMAs are usually high; for instance, the 
transformation temperature 𝐴𝑓 of Fe-Mn-Si-Cr SMA is 130-185℃ (Yamauchi et al., 2011). 
Superelasticity has been revealed in Fe-29Ni-18Co-5Al-8Ta-0.01B SMA and Fe-36Mn-8Al-
8.6Ni SMA, but the development is at a pioneering stage. The behaviours of iron-based 
SMAs require better understanding by future research and more superelastic iron-based 
SMAs should be investigated. 
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In this section of the literature review, the mechanical properties, the cost, the corrosion and 
the toxicity are compared between NiTi-based, copper-based and iron-based SMAs. 
Moreover, the sensitivities of NiTi-based and copper-based SMAs to temperature are 
examined. Overall, the properties of these types of SMA are quite different. Selection of 
SMAs should be considered according to the specific application, and the indications below 
provide a summary according to a review of all the literature. 
 Small vibrations, such as wind-induced vibration and human-induced vibration: 
Cu-Al-Be SMA and NiTi SMA have long fatigue life at a small deformation level. Cu-Al-
Mn SMA should be studied more, particularly for single crystal Cu-Al-Mn. 
 Seismic vibration: 
Cu-Al-Mn SMA has a large recovery strain and fracture strain, and the low-cycle fatigue of 
Cu-Al-Mn SMA was found to be superior. NiTi SMA can also be employed owing to its 
superior mechanical properties; however, the cost should be considered. The iron-based SMA 
can be employed in active control because of its shape memory effect properties. 
 Temperature control system: 
NiTi is suggested for large temperature variation, and the copper-based SMA is suitable for 
accurate control of temperature. 
 Repairing and reinforcement: 
Iron-based SMAs have a high phase transformation temperature and are suitable for 
utilisation in shape memory effect deformation. The costs of iron-based SMAs are less 
expensive and makes them competitive in civil engineering applications. 
2.1.3 Manufacture process of shape memory alloys 
The manufacture processes of SMAs include material fabrication and the subsequent 
thermomechanical treatment. The material properties, grain size and material size mainly 
depend on the fabrication process, and the material properties are improved by conducting 
thermomechanical treatment.  
Generally, the fabrication process of SMAs is associated with ‘melting’ and ‘forming’. The 
‘melting’ stage involves the process of melting the raw nitinol ingots, whereas ‘forming’ 
indicates the casting process to a specific form, because nitinol ingots do not possess the 
17 
 
superelasticity and the shape memory effect and are also easily fractured. The fabrication 
process of the NiTi SMA has been developed earlier than in the case of other families of 
SMAs, and there are more methods employed for melting such as air induction melting, 
vacuum induction melting and vacuum consumable and non-consumable arc melting (de 
Araujo et al., 2009). In the case of ‘forming’, the raw ingots are processed by forging, 
swaging and hot rolling at a high temperature, namely 600-800oC (Russell, 2000). By 
‘forming’, the intermediate forms of SMAs such as rods and plates can be produced. By 
means of cold work, the intermediate forms can be processed to the final size (Kapoor, 2017). 
For example, the rods can be drawn in order to make wires in cold work. This process is also 
referred to as cold drawing. It is notable that the round bar is easier to be fabricated because 
of the cold drawing process.  
However, for fabricating copper-based SMAs, these conventional ‘melting’ and ‘forming’ 
processes have some limitations. One limitation is that the chemical composition is difficult 
to be controlled, and the changes can cause the variance of the transformation temperatures. 
The second drawback is that the grain size is hard to be controlled in the process (Li et al., 
2006b). In order to overcome these problems, fabrication approaches such as mechanical 
alloying and powder metallurgy were developed for fabricating stable copper-based SMAs. 
Li et al. (2006b) employed mechanical alloying and powder metallurgy and successfully 
fabricated Cu-Al-Ni-Mn SMAs with more stable properties, such as for example a stable 
recovery capacity of 100% in 100 cycles. For civil engineering applications, a SMA with a 
large section is needed, and the improvement of the conventional fabrication approaches is 
required. Araki et al. (2011) collaborated the Furukawa Techno Material Co., Ltd. in Japan 
and fabricated a Cu-Al-Mn SMA bar with a mean grain size lager than the bar diameter of 8 
mm by means of hot forging and cold drawing. The test results show that this large-section 
Cu-Al-Mn SMA has a large recovery strain of 8% and enough damping for earthquakes 
during the cyclic loadings. 
After the fabrication, the thermomechanical treatment is critical to be employed in order to 
stabilise and enhance the material properties. The thermomechanical treatment includes 
annealing, quenching, ageing and so on. Considering that the cold work could destroy the 
martensitic plateau of the hysteretic loop, annealing can restore the memory effect (Duerig, 
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1990). Another benefit of annealing is that it can stabilise the mechanical properties under 
cyclic loadings (Khan et al., 2013).  Quenching designates the process of cooling the material 
at a high rate, and is commonly used for hardening the material and stabilising the 
transformation temperatures. Ageing is a treatment used in order to enhance the strength of 
the material. The different thermomechanical treatments can strongly influence the cyclic 
behaviours, as demonstrated by the studies of Miyazaki et al. (1986) and Khan et al. (2013).  
The conventional thermomechanical treatments could be limited to be used for larger-
diameter SMA bars, because the grain size is difficult to be controlled during the annealing. 
Another limitation for large-size copper-based SMA bars is that the polycrystalline structure 
in a large section can increase the constraint and thus reduce the superelasticity. In order to 
overcome these problems, Omori et al. (2013) proposed and implemented the abnormal grain 
growth (AGG) method in order to produce large-section Cu-Al-Mn SMA bars with the grain 
size larger than the diameter. AGG is a cyclic heat treatment without macroscopic 
deformation. In order to control the body-centred cubic single-phase region, the AGG is 
realised by annealing at 900oC, subsequently cooling to 500oC and then heating to 800oC in 
5 cycles. The grain size can be grown stably to 50 mm in length by treating 20 hours in total. 
The abnormal grain growth facilitates the fabrication of SMA bars with a large size, but is 
not applicable when fabricating wires. According to Omori et al. (2013), SMA bars with 15 
and 30 mm in diameter have been fabricated successfully. The superelasticity of the Cu-Al-
Mn bars (8, 12 and 16 mm in diameter) fabricated by referencing this heat treatment was 
examined by Gencturk et al. (2014), and showed an excellent recovery strain of 12%. 
However, the limitation of this manufacture process is that the large grain size can cause a 
long grain boundary, which could be a weak region to induce fractures. Thus, the 
strengthening of the grain boundary is important. Even though there are limitations, with the 
development of the manufacturing copper-based SMA with a large size, the SMA has the 
potential to be applied to civil engineering.   
2.1.4 Effect of temperature on shape memory alloys 
To change the mechanical properties of SMAs using temperature, it is of importance to know 
the relationship between temperature and the mechanical properties of the SMA. The 
previous research investigating the temperature effect on SMAs is studied in this section. The 
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phase state of SMA depends on the temperature; therefore, the phase transformation 
temperature of the SMA and the ambient temperature need to be considered. The phase 
transformation temperature is the intrinsic property of the SMA represented by 𝑀𝑠, 𝑀𝑓, 𝐴𝑠 
and 𝐴𝑓 , which represent the start and finish temperatures of martensitic and austenitic 
transformation, respectively. Different phase transformation temperature values of SMA can 
lead to different forms of deformation (Janke et al., 2005). Furthermore, the fatigue caused 
by heating and cooling cycling on the properties of the SMA is also highlighted by the 
previous research. The efficiency of heating and cooling methods will be discussed later. 
The deformation of the SMA can be divided into different forms, on the basis of its phase 
transformation temperature. It is important to define the temperature 𝑀𝑑, which is greater 
than the four temperatures previously mentioned, and indicates the ultimate temperature 
required to induce superelastic deformation (Duerig, 1990). Janke et al. (2005) stated that the 
transformation is superelastic when the ambient temperature is between 𝐴𝑓 and 𝑀𝑑. If the 
𝑀𝑓 is above the ambient temperature, the transformation type is presented as shape memory 
effect. This can be seen in Figure 2-3. To avoid the influence of SMA deformation owing to 
the variation of phase transformation temperature, the SMA should maintain a safe space 
between phase transformation temperature and the ambient temperature during application. 
 
 
Figure 2-3 (1) Plastic deformation; (2) superelasticity; (3) shape memory effect or martensitic damping 
(Huang et al., 2017b) 
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The effect of ambient temperature has also been investigated. Araya et al. (2008) selected 
Cu-Al-Be SMAs to be tested for superelastic deformation under 50℃ , 20℃  and 6℃ , 
respectively. It was found that transformation stress increased with the rise of temperature 
(Figure 2-4), and the equivalent damping ratio was lower at higher temperatures, while 
transformation stress diminished with the decrease in temperature. Andrawes and DesRoches 
(2007) tested SMA bridge restrainers and demonstrated that transformation stress increased 
and maximum strain declined with a temperature increase from 255K to 315K (degrees 
Kelvin).  
 
Figure 2-4 Start and finish transformation stresses for 2.2% strain amplitude as a function of temperature 
(Araya et al., 2008) 
However, according to Shaw and Kyriakides (1995), unlike other research, the damping 
capacity initially decreased and then increased, but the transformation stress still increased. 
This suggests that the variation of damping ratio could resemble a parabola, and this requires 
more studies covering a wider range of temperatures. Owing to the influence of loading on 
phase transformation temperature, it is also vital to measure the change of phase 
transformation temperature after different forms of loading.  
According to the literature reviewed, the SMA fatigue after thermal cycling can be mainly 
divided into two behaviours: the increase of residual strain and the variation of phase 
transformation temperature. With respect to the change of phase transformation temperature, 
Casciati et al. (2011) performed tests on NiTi SMA wires for 300,000 heating/cooling cycles, 
and conducted differential scanning calorimetry (DSC) experiments both before and after the 
fatigue tests. The phase transformation temperature after cycling increased by nearly 40K. 
Wagner et al. (2010) found the reduction of transformation temperatures up to about 50℃ 
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on NiTi SMA. Regarding the residual strain, Casciati et al. (2011) found that the irreversible 
strain increased from 3.7% to 4.3% after 300,000 cycles using a ramp impulse heating 
method. Bigeon and Morin (1996) and Lagoudas et al. (2009) also found the strain in 
austenite (
A
N ) and martensite (
M
N ) grew after cyclic heating and cooling. From this 
reviewed literature, it can be seen that the residual strain could be increased by heating and 
cooling cycles. Therefore, the fatigue behaviours of SMAs in temperature control systems 
should be considered in design and research procedures.  
The heating and cooling techniques on SMAs can be divided into three main methods; 
electrical heating and convection air cooling (Casati et al., 2011), electrical heating and 
fluidic cooling (Lagoudas et al., 2009), and fluidic heating and fluidic cooling (Bigeon and 
Morin, 1996). Casati et al. (2011) demonstrated that the heating/cooling rate of electrical 
heating and air cooling was 5℃/min. Bigeon and Morin (1996) indicated that the fast cycle 
was less than one minute using fluidic heating/cooling. The heating and cooling of SMAs 
have to be fast and efficient; Flemming and Mascaro (2013) compared these methods from 
25℃ to 90℃. In the the results, fluidic heating followed by fluidic cooling (cycle rate of 2 
Hz) was shown to be slower and less efficient than electrical heating followed by fluidic 
cooling (cycle rate of 5 Hz).  
In summary, the in-service temperature determines the phase state of the SMA, and different 
phase transformation temperatures and ambient temperatures can lead to various forms of 
deformation. However, the phase transformation temperature can vary according to specific 
factors; therefore, influences on the phase transformation temperature should be avoided. In 
superelastic SMAs, increasing the ambient temperature can raise the transformation stress, 
as well as reduce the maximum strain and damping ratio. However, there are different results 
with the effect on damping ratio when the temperature range is wide. In terms of fatigue 
behaviours after heating and cooling cycling, both residual strain and the variation of phase 
transformation temperatures were the main focus in previous literature. The earlier studies 
found that thermal cycling can lead to variations in phase transformation temperature. It has 
been recognised by previous research projects that residual strain increases when the number 
of cycles increases. Furthermore, regarding heating and cooling, previous studies have shown 
that electrical heating and fluidic cooling is more efficient and faster. 
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2.1.5 Cyclic loading effect on shape memory alloys 
Civil structures usually suffer from cyclic loading caused by wind, earthquakes and human 
actions. In terms of  the cyclic loading effect on SMAs, the dissipated energy, strain energy, 
residual strain and phase transformation stress are inclined to vary with an increase in the 
number of cycles (Kawaguchi et al., 1991). Further research (DesRoches et al., 2004) 
revealed that these trends tended to stabilise; therefore, cyclic stabilisation should be studied. 
Hence, ‘training’ treatment is recommended as an approach to make SMAs more stable 
before their application. This section of the literature review is divided into three main parts, 
including the behaviour of cyclic stabilisation, the reason for the instability in the first few 
cycles and pre-training treatments. 
Cyclic stabilisation implies that the variation of the properties of SMAs becomes gentle along 
cyclic deformation. For instance, Soul et al. (2010) conducted tensile tests using 2.46 mm 
superelastic NiTi wires at 0.01 Hz for 100 cycles (the results are illustrated in Figure 2-5) 
and found that residual strain and dissipated energy remained stable during the last 80 cycles. 
Similar behaviour was shown in Miyazaki et al. (1986)’s tests. They applied NiTi-based 
SMA wires in tensile loading for 100 cycles, and the residual strain, transformation stress 
and dissipated energy remained steady for a number of cycles after instability. Cyclic 
stabilisation was also suggested by Dolce and Cardone (2001); they tested NiTi wires for 7% 
strain at 0.02 and 0.1 Hz. Kawaguchi et al. (1991), Choi et al. (2010) and Khan et al. (2013) 
presented a similar trend. 
 
Figure 2-5 Evolution of the dissipated energy and residual strain during 100 cycles for the 2.46 mm diameter 
wire (Soul et al., 2010) 
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It is worthwhile noting that, in the first few cycles, critical stress for phase transformation 
and the hysteresis area decrease rapidly and then become stable. This was found to be a result 
of dislocation slip during stress-induced martensitic transformation (DesRoches et al., 2004; 
Delville et al., 2011). Casati et al. (2011) demonstrated dislocation substructures formed in 
cycles could lead to greater residual strain and degradation of the shape memory alloy. 
Internal stress contributed by the dislocation slip can facilitate the formation of martensite, 
which is the reason why the transformation stress decreases (Miyazaki et al., 1986). 
Consequently, it causes the dissipated energy to decrease (Figure 2-6). Through the optical 
microscopy observation performed by Miyazaki et al. (1986), the increasing residual 
martensite plates were seen to be near the grain boundaries and were possibly because of the 
stress caused by the dislocation slip. It should be noticed that in elastic cyclic loading tests 
conducted by Miyazaki et al. (1986), stabilisation behaviour was not found, which indicates 
that the dislocation slip occurs only during martensitic transformation. 
 
 
Figure 2-6 Effect of cyclic deformation on stress-strain curves for the Ti-50.5 at. pct Ni alloy (N means the 
number of cycles)  (Miyazaki et al., 1986) 
According to the reasons illustrated above, SMAs should be applied after the development 
of the dislocation slip or the crystals should be strengthened in case of slip. To obtain stable 
superelastic behaviour during service, pre-training procedures, including cyclic training, 
thermomechanical training and cold work/annealing before the application are required. 
Regarding the research by Dolce and Cardone (2001), all the samples were conducted using 
cyclic training at 0.02Hz and 7% amplitude for ten cycles in order to stabilise the material. 
After the training, the residual strain and damping ratio remained stable, and there was no 
drastic change in its behaviour during subsequent deformations. Hartl et al. (2010) applied 
thermomechanical training to NiTi (Ni = 60 wt%) SMA bars, which were heated to austenite 
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and cooled to martensite for 100 thermal cycles at a constant 300 MPa. After 50 cycles, the 
strain in martensite and austenite and the transformation strain became insensitive to 
increasing cycles (Figure 2-7 (a)). Similar results can be seen in Lagoudas et al. (2009) 
research as shown in Figure 2-7 (b). The evolution of strain became nearly constant after the 




Figure 2-7 Evolution of transformation strain response over thermally induced transformation training 
cycles. (a): (Hartl et al., 2010), (b): (Lagoudas et al., 2009) 
Different cold work and annealing can lead to significantly different properties of the SMA 
(Shaw and Kyriakides, 1995). An example shown here is a thermal cycling test by Khan et 
al. (2013) (Figure 2-8 (a)), where the stability of solution treated SMA is compared with 
673K and 773K annealed SMAs. Solution treatment is a anealing process at 1173K (degree 
Kelvin) for 3.6 kiloseconds. The results show solution treated SMA has poor stability, whilst 
673K and 773K annealed SMAs exhibit more stable behaviour. According to Figure 2-8 (b), 
in the cyclic loading test conducted by Miyazaki et al. (1986), the variation of the critical 
stress of the specimen at 673K annealing was shown to be the most stable. Therefore, proper 







Figure 2-8 Effect of cyclic deformation on the pseudoelasticity characteristics of SMAs subjected to various 
thermomechanical treatments. (𝝈𝑴: the critical stress of martensitic transformation) (a): (Khan et al., 2013), 
(b): (Miyazaki et al., 1986) 
In summary, this section of the literature review explains the cyclic stabilisation behaviour 
in the cyclic deformation of SMAs, in which the residual strain, dissipated energy, critical 
stress and other properties become stable after several cycles. The reason for this is the 
internal stress introduced by dislocation slip. Therefore, cyclic loading training and two kinds 
of thermomechanical training should be considered to improve the stability of the SMA. In 
future research and tests, training is highly recommended to be conducted before application. 
In the cyclic training, the number of training cycles should be determined by the stabilisation 
behaviour of the specimen from a pre-test. In terms of the thermomechanical treatment 
training, specific procedures have to be decided by metallurgy or prepared by the material 
supplier to stabilise the localised slip and make the cyclic behaviours more stable. It is also 
important to study the durability of the training. For example, the duration of the training 
effect is rarely studied. Thus, a comparison between cyclic training and thermomechanical 
training should be conducted to determine which method can stabilise the material behaviour 
most effectively. 
2.1.6 Effect of loading frequency on shape memory alloys 
Structures usually suffer from loadings involving different dynamic frequencies during their 
working life, e.g. under wind-induced vibration and earthquakes. The frequencies of the 
loadings on the structure are highly variable. In terms of the application of SMAs in TMD, it 
is important to study the effect of loading frequency on their material characteristics and to 
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understand the difference between static loading and dynamic loading. This section of the 
literature review is divided into two main parts, including the effect of loading rate on SMAs 
and reasons for the loading frequency effect. 
By analysing previous studies of cyclic loading on SMAs, it is apparent that the mechanical 
behaviours, including stiffness, damping capacity, transformation stress depend on the 
loading frequency. In the research by Wolons et al. (1998), it was suggested that, when the 
frequency was less than 1 Hz (static loading), the damping ratio dropped with the increase in 
the loading rate and became a half in dynamic loading when the frequency is higher than 1 
Hz. Dolce and Cardone (2001) illustrated the same effect by conducting comparison tests on 
superelastic nickel-titanium SMA wires at 0.02 – 4 Hz. As seen in Figure 2-9, in static loading 
from 0.02 Hz to 0.2 Hz, secant stiffness increased, and equivalent damping decreased. 
However, the properties became insensitive to the loading rate at higher frequencies. Similar 
results were shown in Qian et al. (2013b)’s research with frequencies of 0.05, 0.1, 0.5, 1 and 
2 Hz. It can be seen that the damping capacity in dynamic loading is smaller than that in static 
loading, but stiffness in dynamic loading is greater. More importantly, at higher dynamic 
frequencies, the mechanical characteristics of SMAs are insensitive to loading rate. 
DesRoches et al. (2004) found that transformation stress and inverse transformation stress 
both increased when frequency increased, but the unloading transformation stress increased 
more, which led to the narrowing of the hysteresis, as can be seen in Figure 2-10. This 
behaviour was found by (Qian et al., 2013a) as well. Interestingly, loading rate did not 
influence residual strain (DesRoches et al., 2004). 
There are different findings in terms of the effect of loading rate. Soul et al. (2010) tested 0.5 
mm and 2.46 mm superelastic NiTi wires at various frequencies ranging from 3 × 10−5 to 3 
Hz. They illustrated that damping capacity improved with rising frequency in static loading, 
whereas it decreased in dynamic loading (Figure 2-11). This finding was also demonstrated 
by Piedboeuf et al. (1998). The differing results may be caused by material properties, 




Figure 2-9 Cyclic tensile tests on pre-tensioned superelastic wires: mechanical behaviour as a function of 
strain amplitude and frequency of loading. (Dolce and Cardone, 2001) 
 
Figure 2-10 Comparison of static and dynamic loading on 7.1 mm diameter shape memory alloy bar 
(DesRoches et al., 2004) 
 
Figure 2-11 Damping performances as a function of the cycling frequency (Soul et al., 2010) 
The loading frequency effect on copper-based SMAs has a similar result. Gencturk et al. 
(2014) presented the loading rate dependence of superelastic Cu-Al-Mn SMA bars. In this 
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test, 8, 12 and 16 mm rods were tensioned at 5% strain for five cycles at 1, 5, 10 and 15 Hz. 
These frequencies were selected because of the application on structures during seismic 
loading. Before these tests took place, 3-cycle quasi-static training was conducted as traning. 
Pre-training is a way to stabilise the material properties, because dislocation slips usually 
occur in the first cycles. The results of one of these tests is shown in Figure 2-12. It can easily 
be seen that the damping capacity was reduced in dynamic tests compared with static tests 
and, in further dynamic tests, the damping became less with the increase of the loading rate, 
but the effect of dynamic frequency was insensitive.  
   
Figure 2-12 Effect of loading rate on superelastic effect (Gencturk et al., 2014) 
The reason for the frequency effect is the increase in temperature (DesRoches et al., 2004). 
They explained that self-heating occurred during cyclic loading and the temperature 
increased when the frequency increased. Soul et al. (2010) and Desroches and Smith (2004) 
suggested the same reason that phase transformation causes increasing temperature. To 
examine whether self-heating is the explanation for the frequency effect, Leo et al. (1993) 
tested NiTi SMA wires at different loading rates (0.5, 5 and 50 mm/min). They controlled 
the specimens’ temperature constant using surrounding media and detected the temperature 
using a thermal couple. The results showed that the effect of the loading rate became 
insensitive. This study showed that the effect of loading frequency does not influence the 
properties of SMAs under a temperature control system. Therefore, more studies on 
frequency effect should be conducted in the future, and the mechanical characteristics should 
be compared with those from heating tests.  
To summarise, this section of the literature review presents the effect of loading rate on 
superelastic NiTi SMAs and copper-based SMAs. The damping ratio decreases, stiffness 
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increases and transformation stress increases with the rise in frequency in static loading, 
while these properties become less sensitive to the loading rate of dynamic loading. In 
comparison, the damping capacity in dynamic loading is less than that in static loading, but 
stiffness and transformation stress are higher. However, there is a difference in the research 
results, which suggests that the damping ratio increases in static loading and decreases in 
dynamic loading. The reason for these effects could be due to self-heating. In other words, 
higher frequency leads to the higher temperature, which refers to the thermomechanical 
properties of the SMA. More studies are required in order to prove whether the frequency 
effect is caused by temperature. If it is due to self-heating, the frequency effect will be smaller 
in a temperature control system. 
2.1.7 Effect of grain size on shape memory alloys 
Copper-based SMAs usually have a larger grain size than NiTi SMAs (Ozbulut et al., 2011). 
According to previous literature, different grain size can lead variations in the SMA 
properties, particularly during phase transformation and energy dissipation. It is notable that 
research into the grain size effect on NiTi SMA is minimal. Ozbulut et al. (2011) explained 
that the amplitude of grain size in copper-based SMAs is much larger than that of the NiTi 
alloy, and the stress concentration always occurs at the grain boundary. This is the reason 
why the NiTi-based SMA is slightly affected by grain size. This section critically appraises 
the literature review, identifying the similarities and differences in the research results 
regarding the grain size effect. It is divided into three main parts, including measuring 
approaches for the grain size of the shape memory alloy, the effect of grain size on SMAs 
and a summary of the relationship between grain size, SMA transformation and damping 
properties. 
Araya et al. (2008), de Albuquerque et al. (2010), Gil and Guilemany (1993) observed the 
grain size of SMAs under optical microscopes. Specifically, in the cases where Araya et al. 
(2008) and Gil and Guilemany (1993) observed that the grain size changed during thermal 
treatment, the grain size of the samples in these two research studies were 0.05-0.3mm and 
0.159mm-1.433mm, respectively. Microscopic observation of the grain size of SMAs is a 
commonly used practice. The linear intercepted method has been recommended by Araya et 
al. (2008), Sutou et al. (2005) and Adnyana (1986). The linear intercepted method involves 
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counting the number of grains within a fixed-length line, where the grain size is equivalent 
to the length divided by the grain number. An example in Figure 2-13 illustrates this method. 
Araya et al. (2008) claimed that the average statistical error of grain size measurement using 
the linear intercepted method is less than 10% for smaller grains and less than 15% for bigger 
grains. Adnyana (1986) suggested the accuracy of the linear intercepted method is within 
±10%. It is notable that the length of the line should not be short because the accuracy is 
highly dependent on the length of the line during sampling. 
 
Figure 2-13 Schematic illustration for measurement of mean grain size, where the grains adjacent to the free 
surface marked by open circles were counted as 1/2 (Sutou et al., 2005) 
 
 
Figure 2-14 ‘Bamboo-like’ grain structure of Cu-Al-Mn SMA (Sutou et al., 2005) 
To identify the effect of grain size on SMAs, Sutou et al. (2005) selected three kinds of Cu-
Al-Mn-based SMA wires with different d/D (grain size (d) divided by samples’ diameter 
(D)), which were 0.06, 0.22 and 6.00, each having a diameter of 20 mm. Figure 2-14 shows 
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the optical microstructure of a ‘bamboo-like’ grain structure with d/D of 6.00, which means 
the grain size is larger than the diameter and the grains are distributed in a line along the 
longitudinal direction. It is noted the ‘bamboo-like’ grain structure is different from the poly-
grain structure shown in Figure 2-13. The specimens were tested under martensitic 
deformation. The researchers stated that yield stress decreased whilst the stress-induced 
martensitic transformation strain increased with the rise in grain size, where the yield stress 
means the critical stress when the stress-induced martensitic transformation occurs. 
According to Araya et al. (2008)’s research, Cu-Al-Be SMAs with d/D around 0.1-0.6 were 
chosen and tested under superelastic deformation. According to the results, Young’s 
modulus, the ultimate stress, the strain corresponding to the ultimate stress and strain energy 
dropped while increasing the grain size. Gencturk et al. (2014) indicated that the 
superelasticity of Cu-Al-Mn SMA strongly depends on the relative grain size in terms of 
diameter. Cu-Al-Mn SMAs with larger grain size can lead to superior superelastic 
characteristics.  
Coarse grain and refinement of SMAs have been the concerns of various research projects. 
Sutou et al. (2005) claimed that there are disadvantages to coarse grain size; for instance, 
coarse grain SMAs tend to be brittle and can lead to intergranular fractures. Furthermore, the 
strength of coarse grain size SMAs is generally low, and there is minimal recoverable strain 
after unloading.  
Differing results can be found in the literature reviewed, particularly the variation trends 
when grain size changes. Sutou et al. (2005) found the recoverable strain increased when 
grain size increased, whereas Montecinos et al. (2008) indicated that grain size did not have 
significant influence on recovery capacity. The experimental differences are mainly that 
Sutou et al. (2005) tested martensite, while Montecinos et al. (2008) tested Cu-Al-Be SMA 
bars under superelastic deformation between 1% and 7% strain. Moreover, in terms of the 
phase transformation temperature of SMAs, a rising trend was discovered correlated with a 
bigger grain size (Sutou et al., 2005; Araya et al., 2008). However, Gil and Guilemany 
(1993)’s tests observed a linear drop in 𝐴𝑓 and 𝑀𝑠 temperatures in terms of grain growth, and 
the d/D were between 0.03 and 0.29. It is also noteworthy that Gil and Guilemany (1993) 
discovered that the stress-induced martensitic transformation increased, while Araya et al. 
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(2008) stated that transformation stress decreased in relation to rising grain size; these were 
all under superelasticity. On this subject, Montecinos et al. (2008) showed transformation 
stress decreased with larger grain size. The relationship between energy dissipation and grain 
size has been discussed, with varying results. Sutou et al. (2005) and Montecinos et al. (2008) 
analysed the stress hysteresis after cycling transformation and found it to be diminished. 
However, Sun and He (2008) conducted tests on Ni-Ti SMA with d/D of 0.09, 0.42 and 0.71 
under superelasticity, with the result that the width of stress hysteresis increased. Regarding 
other research based on copper-based SMAs, such as Araya et al. (2008), Koeda et al. (2005) 
and Ueland and Schuh (2013), damping is greater with larger d/D. Ueland and Schuh (2013) 
stated the reason as being that martensitic transformation is suppressed by smaller grain size, 
and the constraint would restrain the nucleation to martensite. 
Some of the articles have focused on SMA wires with small diameters, such as Sutou et al. 
(2005), Araya et al. (2008), Koeda et al. (2005) and Montecinos et al. (2008). These show 
that the experimental scale did not cover a large range; hence, larger diameter samples should 
be taken into consideration for the purpose of civil engineering applications. The relationship 
between grain size and specimen diameter (d/D) should be considered during the comparison.   
To summarise, previous studies have indicated the influences of grain size on the recoverable 
strain, yield stress and stress-induced martensitic transformation strain. The relationship 
between grain size and phase transformation temperature has been discussed. There is also 
debate in the literature on the variation tendency of the transformation stress and damping 
capacity. Given this debate, the comparison based on d/D on large diameter specimen bars 
should be studied further. However, there is a deficiency in the literature regarding the 
influence of loading history on the grain size of SMAs. Phase transformation may lead to the 
change of grain size after long cyclic loading.  
2.1.8 Fatigue of shape memory alloys 
When applying SMA in a TMD system, it will undergo many vibration cycles; therefore, the 
fatigue life of SMA is required to be reliable. Previous studies have conducted fatigue tests 
on SMAs in terms of the various types of alloys, different deformations and various testing 
conditions. It has become important to review the fatigue properties of SMAs and to 
summarise the influences on fatigue behaviours. This section of the literature review is 
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divided into three main parts including: (1) The fatigue life of SMAs; (2) The influences on 
the fatigue of SMAs; (3) The fatigue life estimation. 
Although there have been a certain amount of papers published examining the fatigue 
behaviours of SMAs by tensile cyclic testing, Tobushi et al. (2000) and Miyazaki et al. (1999) 
created the bending-rotating testing methods (BRF), which created a simpler way to test 
fatigue life, particularly for wires. Based on these two approaches (tensile and bending), the 
fatigue properties with respect to different deformations, loading rate, specimen size, and 
material composites are demonstrated below.  
Sawaguchi et al. (2003) tested 1 mm, 1.2 mm and 1.4 mm NiTi wires under different loading 
rates, applying BRF methods. When the strain was no less than 1%, the rupture cycles were 
strongly dependent on the strain and were less than 10,000 cycles. If the strain was between 
1% and 0.75%, there was a scatter, since the dependence on the strain became weak. As long 
as the strain was below 0.75%, the specimen did not fracture within 106 cycles (Figure 2-
15). Similar findings were also reported by Miyazaki et al. (1999), who tested 1 mm diameter 
NiTi wires with a loading rate of 400 r.p.m (rotation per minute). The fracture cycles became 
insensitive to the strain at a strain lower than 1% (Figure 2-16).  
 




Figure 2-16 Strain amplitude-fatigue life (N f ) curves at various test temperatures in (a) Ti–50 at.% Ni 
wires; and (b) Ti–40Ni–10Cu (at.%) wires. (Miyazaki et al., 1999) 
In terms of copper-based SMAs, Siredey et al. (2005) employed 1.4 mm Cu-Al-Be single-
crystal wires. The bending frequency was 1 Hz. The samples in this test were not polished, 
and the results were compared with those of polished Cu-Al-Be single-crystal samples, Cu-
Al-Be polycrystalline samples and NiTi samples. In Figure 2-17, the number of cycles to 
failure increased with the decrease of the strain, when the strain ranged from 1% to 10%. 
Compared with NiTi-based and Cu-Al-Be polycrystalline samples, Cu-Al-Be single-crystal 
SMAs have the longest fatigue life. Nevertheless, it is notable that the Cu-Al-Be 
polycrystalline samples can only support 10,000 cycles at 1% strain, which is considerably 
less than other SMAs.  
 
Figure 2-17 Number of cycles to failure versus maximum imposed strain for Cu–Al–Be and Ni–Ti SMA. 
(Siredey et al., 2005) 
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Tensile cyclic testing is a common and widely-used fatigue testing method. Moumni et al. 
(2005) performed fatigue analysis on 8 mm NiTi-based SMA bars using tensile-compression 
tests. There were three loading modes performed ( 𝜎min 𝜎max⁄ =  0, 0.2, −1, 𝜎max =
750MPa ), and the loading frequency was 0.3 Hz under stress control. The results (Figure 2-
18) strongly suggest that fatigue life reduces with the mean stress. Torra et al. (2009) 
compared polycrystalline Cu-Al-Be wires with 3.4 mm diameter and NiTi wires with 2.46 
mm diameter, where the Cu-Al-Be wires were tensioned with a strain ranging from 2% to 
3%. Graphs describing fatigue lives with various stresses are shown in Figure 2-19. 
According to the lower stress deformation, ranging around 200 MPa, the copper-based SMA 
is able to work more than 2,000 cycles, whilst the cycles to fracture in the NiTi tests 
demonstrates that it can achieve at least 500,000. In contrast, the fatigue life of NiTi-based 
SMAs is much more than that of polycrystalline Cu-Al-Be SMAs. Casciati and Marzi (2010) 
undertook fatigue tests on Cu-Al-Be bars of 3.5 mm diameter. Maximum strain of 1.1%, 
1.6%, 1.9% and 3% were performed at 1 Hz, and the results showed a fatigue life of 
approximately 100,000 cycles under low stress (Figure 2-20). 
Overall, the tensile tests present similar results to the bending tests. It can be seen that all of 
the bending tests on SMAs were conducted on wires using the BRF method. However, the 
differences between tensile fatigue and bending fatigue could be revealed when the bending 
test is conducted on bars, as there are both tension and compression stresses in one cross-
section.  
 





Figure 2-19 (a) Fatigue and fracture behaviour for Cu-Al-Be. Wires with 3.4 mm of diameter and cycling at 
0.5 Hz are used. (b) Fatigue and fracture for NiTi wire of 2.46 mm in diameter. (Torra et al., 2009) 
 
Figure 2-20 Fatigue tests on a Cu-Al-Be bar of 3.5 mm diameter: (a) number of cycles vs. maximum stress; 
(b) number of cycles vs. maximum strain.  (Casciati and Marzi, 2010) 
Considering the research by Casciati and Marzi (2010) shown in Figure 2-20, tests were 
conducted under two temperatures of 30℃ and 50℃ on Cu-Al-Be SMAs. The fatigue life at 
the lower temperature was longer than that at the higher temperature. Miyazaki et al. (1999) 
set a temperature range between 308K and 398K (approximately 35℃ and 120℃) (Figure 2-
16). With respect to the binary NiTi tests, the fatigue life was reduced from 323K to 368K. 
This trend is also demonstrated by ternary Ni-Ti-Cu SMA, except for temperatures above 
368K. Therefore, the lower the temperature that the SMA experiences, the longer the fatigue 
life that it can sustain. The reason for this can be explained by the previous study regarding 
temperature effect (Andrawes and DesRoches, 2007), which stated that the stress at 
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maximum strain increases at higher temperatures. According to the effect of stress level on 
the fatigue life, as shown in Figure 2-18, Figure 2-19 and Figure 2-20 (a), the fatigue life at 
higher stress is shorter (Casciati and Marzi, 2010). Thus, the reason for the influence of 
temperature on fatigue life is due to the increasing stress. 
The influence of the specimen diameter on the fatigue of SMAs has been discussed by 
Sawaguchi et al. (2003) and Eggeler et al. (2004). According to Sawaguchi et al. (2003) 
(Figure 2-15), a smaller diameter can support a longer fatigue life. The authors explained that 
the temperature of thinner specimens tends to be cooled down easily by the environment, 
whilst the thicker specimens are usually self-heated by dissipated energy through cyclic 
loading. This is because, during the long cyclic loading, the energy dissipated by hysteresis 
is converted to heat.  
Regarding the influence of the loading rate, Sawaguchi et al. (2003) tested NiTi-based SMAs 
and showed that, when the maximum strain was greater than 1%, the dependence of fatigue 
life on the loading rate was strong, meaning that a lower loading rate can lead to longer 
fatigue life (Figure 2-15, right). Nevertheless, this dependence becomes weak when the 
maximum strain decreases, and there is no dependence below 1% strain.  
In terms of copper-based SMAs, there has been no research which discusses the loading rate 
effect. In this literature review, the results of Casciati and Marzi (2010) and Torra et al. (2009) 
are compared, in which, the loading frequencies were 1 Hz and 0.5 Hz, respectively. The 
specimens used in these two studies were all Cu-Al-Be SMAs. When the maximum stresses 
were between 200 MPa and 300 MPa, the longest fatigue life in the research by Torra et al. 
(2009) was close to 4,000 cycles, whereas the longest was more than 10,000 cycles in Casciati 
and Marzi (2010)’s tests. This comparison illustrates that the fatigue life of copper-based 
SMAs is extended at higher loading frequencies during small-deformation tests. Future 
studies will highlight the frequency effect on the fatigue life of copper-based SMAs in the 
same loading conditions. 
The grain size can strongly influence fatigue properties. According to Siredey et al. (2005) 
(Figure 2-17), single-crystal Cu-Al-Be supports a much longer fatigue life than Cu-Al-Be 
polycrystalline SMAs, particularly for strains greater than 4%. For Cu-Al-Ni SMAs, Van 
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Humbeeck (1991) demonstrates that cracks always occur at grain boundaries for polycrystals, 
because these grain boundaries show brittle features (Gloanec et al., 2010).  
There are other factors that can affect the fatigue life, such as material treatment, material 
composition (e.g. NiTi and copper-based SMAs) and material phase (e.g. austenite and 
martensite). Torra et al. (2009) reported different treatments of SMAs that can vary the 
fatigue life, as the metal surface condition is important for the development of cracks. Eggeler 
et al. (2004) indicated that cracks usually start around surface irregularities and scratches. 
Gloanec et al. (2010) also mentioned how fatigue life is influenced when the cyclic loading 
is paused, as the dissipated energy increased dramatically after pauses in their tests. 
Moumni et al. (2005) put forward an energy approach to estimate the fatigue life of NiTi 
SMAs. They found there was a logarithmic relationship between dissipated energy in 
stabilised cycles and the fracture cycle, and they demonstrated this in the form below: 
D = 𝛼Nf
β (2.2) 
where D implies the dissipated energy when it becomes stable, and Nf represents the fracture 
cycle. 𝛼 and 𝛽 stand for the material parameters. According to Torra et al. (2009), their 
results for NiTi SMAs can be presented by a linear relationship called Basquin’s Law 
between the maximum stress 𝜎max and 1/Nf
a. The equation is: 





where 𝑎, 𝐴 and 𝐵 values are based on the experimental measurements. 
This section of the literature review summarises the fatigue life of NiTi-based SMAs and 
copper-based SMAs in both tensile tests and bending tests from previously published 
research. The difference between bending and tension is minimal. For bending tests, there 
has been no research that has investigated the bending fatigue on SMA bars, so bending 
fatigue on bars should be an area of future study. NiTi-based SMAs show better fatigue 
properties; moreover, the fatigue life of single-crystal copper-based SMAs is reported to be 
the longest. It is notable that there is a turning trend in NiTi SMAs, namely that fatigue life 
increases dramatically when the strain or stress is under a small level. This trend has not been 
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investigated for copper-based SMAs in the published papers. The effects on the fatigue life 
of SMAs are mentioned further. A smaller diameter leads to a longer fatigue life, and lower 
temperatures extend the number of cycles until failure. In terms of NiTi SMAs, a lower 
frequency is better for fatigue life, but this effect becomes insensitive below 1% strain. A 
comparison with copper-based SMAs reveals that a higher loading rate is beneficial to its 
fatigue. It is crucial to conduct tests below 1% strain level to show the fatigue life and the 
frequency effect on both NiTi and copper-based SMAs. Two fatigue life estimation methods 
are put forward using related equations. The energy approach concerns the stabilised 
dissipated energy, while Basquin’s Law established a logarithmic relationship between 
fracture cycles and maximum stress. 
2.2 Application of shape memory alloys in civil engineering 
The development of SMAs has been rapid, and SMAs now provide solutions for numerous 
situations in building structures. For example, SMAs can reduce the structural damage owing 
to their self-centring and energy dissipation properties, they can protect a structure against 
deformation through their shape memory effect, they can actively control structural vibration, 
and they can tune the structural vibration frequency in a damper and so on. However, SMAs 
also have limitations in civil engineering applications. For example, during a reverse cyclic 
loading, the energy dissipation capacity could be lower than that of traditional materials, such 
as steel. As seen in the comparison of the normalised hysteretic loop between steel and the 
SMA in Figure 2-21, the self-centring of the SMA reduces the area of the hysteretic loop. 
Therefore, this section provides an overview of the potential and limitations of the 
applications of SMAs in construction, which provide references for the applications of SMA 






Figure 2-21 Normalised hysteretic loop of (a) steel and (b) SMA 
 
2.2.1 Embedding shape memory alloys in structure for passive vibration control 
Using superelastic SMA-based elements is an effective way to provide self-centring 
properties and energy dissipation capacities. Thus, the damage to structures under dynamic 
loadings can be reduced. Passive vibration control devices using SMAs have been developed 
in recent years, and previous studies have investigated their applications in bracings, 
connections and reinforcements. This section reviews the applications of SMAs in passive 
vibration control. 
Bracings 
Employment of SMAs in bracings can effectively produce a good energy dissipation capacity 
and their self-centring properties are able to reduce residual deformation. Han et al. (2003) 
designed a SMA damper consisting of two steel wires and one SMA wire, as shown in Figure 
2-22 (a). The SMA wire and the steel wire were connected by a chuck. In this example, eight 
dampers were installed in a steel frame structure, as seen in Figure 2-22 (b). The dynamic 
behaviours of the controlled and uncontrolled steel frame structure were examined by free 
vibration. The results show that the SMA bracings can efficiently increase the vibration decay 
speed and decrease the structural response, because SMAs have superior energy dissipation 
capacities. Clark et al. (1995) and Dolce et al. (2000) used SMA wires in a damping device 
and installed it to bracings. They both found that the important feature of SMA bracings are 
their versatility. The self-centring behaviours and damping capacity can be adjusted by 
varying the number and characteristics of the SMA wires. Similar findings were found by 
Dolce et al. (2001). The SMA bracings can also provide exceptional fatigue resistance 
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because SMAs have the ability to undergo hundreds of cycles with large amplitude (Dolce et 
al., 2000; Han et al., 2003). Hu et al. (2013) applied SMAs to the design of buckling-
restrained brace frames to solve the problem of large residual deformation in the connector 
between the frame and bracings. The results show that the inter-storey drifts were effectively 






Figure 2-22 (a) SMA damper; (b) Two-storey steel frame installed with SMA dampers (Han et al., 2003) 
SMA bracings have been effectively developed in the resistance of earthquakes. Seelecke et 
al. (2002), Auricchio et al. (2006) and Asgarian and Moradi (2011) implemented SMAs in 
bracings to enhance structural seismic performance. Seelecke et al. (2002) indicated that the 
particular choice of SMA can lead to optimal seismic performance in terms of displacement 
reduction, and this is because of the large hysteresis of the stress-strain curve of the SMA 
material. The self-centring characteristics of SMAs guaranteed the structural re-centring 
behaviours and strongly reduced the inter-storey drift during earthquake loadings (Auricchio 
et al., 2006; Asgarian and Moradi, 2011; McCormick et al., 2007; Massah and Dorvar, 2014). 
Auricchio et al. (2006) stated that the high force transmitted from the bracings could cause 
yielding issues to the beam, column and connections when the SMA is transformed to the 
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martensitic phase. Therefore, the connections should be carefully designed when SMA 
bracings are used.  
Newly developed Cu-Al-Mn SMAs have been studied that have comparable mechanical 
properties with NiTi-based SMAs (Araki et al., 2011). Cu-Al-Mn superelastic bars were 
developed in bracings for seismic resistance by Araki et al. (2014) as shown in Figure 2-23. 
The structure was scaled to 1/3 and tested on a shaking table subjected to seismic loadings. 
The experimental results show the dynamic response was effectively controlled and the 
pinching problem was avoided. When the loading rate is higher than 6 Hz, the rate 
dependency of the Cu-Al-Mn SMA is negligible, which shows that the Cu-Al-Mn SMA has 
a high potential to be used in seismic applications. It should be considered that the structure 
was scaled in Araki et al. (2014)’s tests, and therefore the application of Cu-Al-Mn SMA 
bars with a larger size should be studied further. Overall, bracings using SMA can dissipate 
the energy well and reduce the dynamic structural response.  
 
Figure 2-23 Details of the bracing system design (Araki et al., 2014) 
 
Connections 
In structures, connections are important component because the stiffness of the connections 
significantly affects the structural deformation behaviours (Porteous and Kermani, 2013). 
Under dynamic loadings, connections can effectively dissipate the energy, thus it is important 
to employ higher damping materials in connections. However, the connections are always 
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the weakest point in the whole structure when subjected to extreme events like earthquakes. 
For example, in timber structures, the steel dowel could have large permanent deformation 
effect after an earthquake, which can lead to structural instability or even collapse. Therefore, 
in this case it would be highly recommend to develop self-centring connections. Regarding 
timber connections, Chang et al. (2013) proposed a novel timber connection design with 
SMA dowel. In their study, the connection was fabricated and tested. The SMA-dowelled 
connection had a higher energy dissipation capacity and self-centring properties but lower 
stiffness compared with those using a steel dowel. The stronger SMA-dowelled timber 
connection should be developed for satisfying safety requirements. 
The applications of superelastic SMAs have been developed in steel connections for reducing 
residual deformation and dynamic structural response in recent years (Fang et al., 2014; 
Sepulveda et al., 2008; Yam et al., 2015). Ocel et al. (2004) proposed and tested a steel 
connection using SMA bars, which connected the beam flange with the column flange. The 
connection exhibited a high level of energy dissipation and ductility capacity, and there was 
no strength degradation under large deformation. Similar results can be found in Ma et al. 
(2007), who analysed the feasibility of a self-centring steel beam-column connection using 
SMA bolts, as shown in Figure 2-24. They found the deformation to be recoverable after 
unloading and the ductility provided by the connection was sufficient. The ductility of the 
connection can also be adjusted by varying the length of the SMA bolts. Sepulveda et al. 
(2008) employed Cu-Al-Be SMA bars in steel connections, and they found the grain size of 
the copper-based SMA has a significant influence on the mechanical characteristics; 
therefore, appropriate thermal treatment on SMA’s is important. Yam et al. (2015) indicated 
that the design rules for the practical use of SMA connections should be proposed in future 
studies. There are some limitations in the application of SMAs, in terms of earthquake 
resistance. Sepulveda et al. (2008) performed numerical studies and revealed that the SMA 
connections are too flexible and do not improve the necessary structural response under 
seismic loadings. Rofooei and Farhidzadeh (2011) indicated that the SMAs cannot improve 
the lateral deformation of the structure under ground motion, even if the residual deformation 
is definitely reduced. Martensitic SMA connections are found to be more effective in 
controlling peak deformation during earthquakes, as they provide more energy dissipation 
capacity and post-yield stiffness, which can reduce the structural instability. However, 
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superelastic SMA connections are more effective in reducing residual deformation 
(Desroches et al., 2010). Therefore, the selection of the different types of SMA is important 
and should be based on the performance objectives and building structural type. More 
importantly, the stiffness and energy dissipation of the SMA-based connections should be 
satisfied in the design procedure.  
 
Figure 2-24 The steel connection using SMA bolts (Ma et al., 2007) 
SMAs have also been studied in the reinforcement of concrete connections, and the seismic 
behaviours of these connections were assessed (Youssef et al., 2008; Alam et al., 2009). The 
results show that the SMA-reinforced connections have large deformation capacities and can 
recover most of their post-yield deformation, even after a severe earthquake. In terms of the 
energy dissipation, connections utilising SMAs dissipate less energy compared with those 
reinforced with steel, because the hysteresis loop of the SMA connections is smaller. 
According to the newly conducted study by Hu and Hwang (2013), SMAs are now being 
employed in new steel-concrete composite moment connections, and show an excellent self-
centring effect in comparison to traditional ones with moderate energy dissipation capacity. 
In summary, SMAs have huge potential to be used in construction of buildings prone to 
strong earthquakes as they can retain their functionality after large deformation, but the 




To prevent concrete structures being damaged by permanent deformation after an earthquake, 
SMAs are embedded in concrete to provide energy dissipation and recovery capacity. Figure 
2-25 shows the reinforcement of a superelastic SMA in a concrete beam, where the beam 
was tested under cyclic loadings (Abdulridha et al., 2013). The experimental results show 
that the SMA reinforced beam has an excellent recoverable ability, and the ductility and 
strength are comparable with conventional beams. The limitation is that the crack spacing 
was larger compared to that of conventional beams; however, the cracks were able to recover. 
Another limitation is that the energy dissipation of SMA beams is lower than that of 
conventional beams because of the hysteresis loop.  
The studies of carbon-fibre-reinforced concrete beams are becoming increasingly popular; 
however, the residual deformation could reduce the strength of the carbon-fibre-reinforced 
polymer (CFRP). A combination between CFRP plates and SMAs was proposed by Li et al. 
(2007), and the results demonstrate the recovery force of the SMA can decrease the 
deformation of the beam and can even close the cracks.  
In terms of concrete columns and concrete shear walls, the application of embedding SMAs 
was attempted by Saiidi and Wang (2006) and Effendy et al. (2006), respectively. The 
seismic behaviours were examined and the experimental results show that SMAs can 
effectively reduce the damage, even in a strong earthquake. It is notable that the superelastic 
SMA has less residual deformation than the martensitic SMA (Effendy et al., 2006). In the 
shear wall application, the superelastic SMA bars experienced a buckling problem, thus the 




Figure 2-25 Reinforcement of SMA in concrete beam (Abdulridha et al., 2013) 
 
Structural retrofit  
SMAs have been applied to a number of practical engineering projects for repairing and 
strengthening historical buildings. The bell tower of San Giorgio Church, located in Trignano, 
Italy, was damaged in an earthquake in October 1996 and was restored using SMAs to 
improve its stability (Castellano et al., 2001; Indirli et al., 2001). Figure 2-26 (a) shows the 
exterior of San Giorgio Church. Four pre-tensioned structure-height steel bars were used to 
retrofit the structure by installing them at the inner corners of the structure, as shown in Figure 
2-26 (b). The superelastic SMA wires were connected with the steel bar inside the tower. 
Consequently, this tower did not suffer significant damage in the earthquake in 2000. Paret 
et al. (2008) reported a strengthening approach using SMAs for a 100-year-old masonry 
structure, the Sherith Israel in San Francisco, which survived but suffered damage in the 
earthquake in 1906. Superelastic NiTi wires were installed to prevent the wall from falling 





Figure 2-26 (a) San Giorgio Church (Chang and Araki, 2016); (b) San Giorgio bell tower retrofit using four 
pre-tensioned steel tie bars and superelastic SMAs (Indirli et al., 2001) 
The similar retrofit system using SMAs was implemented in a number of Italian historical 
buildings such as the bell tower of Badia Fiorentina (Chang and Araki, 2016), the Basilica of 
St Francis of Assisi and San Serafino church (Indirli and Castellano, 2008). These 
engineering experiences indicate that it is important to employ superelasticity in structures to 
improve their seismic behaviour and it has great potential to be used in structural retrofit 
systems after an earthquake.  
2.2.2 Applications in active and semi-active vibration control 
Along with the trend of controlling structural vibration actively, SMAs are becoming a 
popular material for providing adaptability, owing to their particular thermomechanical 
properties (Liang and Rogers, 1997; Saadat et al., 2002). In terms of active control, the 
application of SMAs can exert forces to a structure by changing shape. For semi-active 
control, SMAs can tune the structural natural frequency by varying the stiffness in the tuned 
mass damper.  
For the purpose of exerting forces on a structure, the shape memory effect of SMAs is 
frequently used, as martensitic SMA is able to provide recovery forces upon external heating. 
Specifically, when the SMA is heated, it will recover to its original shape, and the recovery 
force can be a mechanical stroke to the structure. The SMA can be trained to form a particular 
shape through thermal activation, and it can be used in an actuator. Baz et al. (1990) 
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investigated the feasibility of SMA actuators in actively controlling the vibration of a 
cantilever beam. The results show that the SMA actuators were able to reduce the vibration 
and indicated that more than one actuator could be required for controlling more degrees of 
freedom. Belyaev et al. (1999) studied the oscillations of a rotational pendulum with SMA 
under martensitic transformation and stated that it is possible to use this approach to control 
the vibration. The limitation of the SMA actuator is that the heating and cooling of the SMA 
should be rapid, otherwise the effectiveness would be reduced (Janke et al., 2005). More 
studies related to active controlled actuators using SMAs were reviewed by Saadat et al. 
(2002) and Janke et al. (2005). 
In semi-active control, SMAs are applied to the tuned mass damper for structural frequency 
tuning. According to the practical experiences, the excitation frequency and structural natural 
frequency are always variable because of a series of external environmental reasons; 
therefore, the natural frequency of the TMD should be adjustable in order to optimally re-
tune the main structural frequency. Most of the previous studies that have investigated the 
SMA-based semi-active TMD are in the mechanical domain. Williams et al. (2002) heated 
0.71 mm NiTi SMA wires using a power supply, which led to the changes of the elastic 
modulus of the TMD, as shown in Figure 2-27. The primary structural vibration can be 
attenuated for several discrete frequencies. For continuous tuning, more SMA wires should 
be used to allow for more accurate elastic modulus control. The further study conducted by 
Williams et al. (2005) involved numerical simulation analysis and found that continuously 
tuning utilising the R-phase transformation of NiTi SMA was feasible. In mechanical 
engineering, the excitation frequency always varies, e.g. the working frequency of the 
machine often changes and, to solve this issue, the tuned mass damper should be developed 
to attenuate the vibration for a range of excitation frequencies. Rustighi et al. (2005), Mani 
and Senthilkumar (2015), Savi et al. (2011) and Aguiar et al. (2013) used a temperature 
control technique to change the stiffness of the SMA spring so as to actively control the 
vibration of the main structure for a wider frequency range, and the effectiveness of the SMA-
based TMD was proved. Aguiar et al. (2013) found that the preload imposed on the SMA 




Figure 2-27 SMA TMD design (Williams et al., 2002) 
The development of the semi-active TMD is important. The simulation works conducted by 
Elahinia et al. (2005) studied a TMD that can exhibit variable stiffness, and also considered 
the heat transfer in the SMA in order to maintain stable stiffness. The results showed that the 
SMA-based TMD is more robust than the passive TMD in reducing vibrations by changing 
±30% of the main structural mass. Similar results can be found in the studies by Tiseo et al. 
(2010) and Berardengo et al. (2015). Berardengo et al. (2015) designed a TMD consisting of 
SMA and eddy current damping. The SMA is used for tuning the structural natural frequency 
and eddy current damping is employed for tuning damping. The experimental and simulation 
results show that this damper is capable of controlling the vibration when excitations are 
experienced. Further studies should be developed to control a wider frequency range using 
temperature control on SMAs. 
The aforementioned applications in semi-active TMDs using SMA temperature control were 
predominantly developed to reduce the machine-induced vibration in mechanical domains. 
However, in civil engineering, buildings usually suffer vibrations that have a wider frequency 
range and are more random, e.g. excitations caused by earthquakes, wind and human 
activities. Therefore, it is important to investigate the feasibility of using SMA-based semi-
active TMDs in civil structures (Huang et al., 2017b). Unlike the method of using SMA wires 
in previous studies, the temperature control utilising SMAs with larger size, such as SMA 




2.2.3 Application in base isolation systems 
During earthquakes, base isolation is an effective approach for reducing structural response. 
SMAs have been developed in base isolation systems because of their energy dissipation 
capacity and self-centring properties. Wilde et al. (2000) developed a SMA-based based 
isolation for an elevated highway bridge. The base isolation consisted of laminated rubber 
bearing and the SMA and was tested at various excitation levels. The energy dissipation was 
proved to be increased, and the residual deformation was decreased. As the tensile SMA bars 
always experienced buckling problems, the bending types of SMA bars were applied in their 
study. A similar application of SMA base isolation for bridges can be found in the study by 
Dolce et al. (2007). Dezfuli and Alam (2013) studied two configurations of SMA wires 
implemented into steel-based natural rubber bearings, as seen in Figure 2-28. In terms of the 
lateral flexibility, the cross SMA wires were more efficient. The results show the residual 
displacement was greatly reduced, while the damping was increased. It is noticeable that the 
pre-strain of 2% used in the cross SMA wires can lead to a growth of 75% in energy 
dissipation, and a decrease of 15% in residual deformation. Recently, a novel type of base 
isolation was designed called Shape-Memory-Alloy-Rubber-Bearing, which showed better 
efficiency than the conventional systems. The drawback of this system is that it is expensive 
because of the materials used in construction (Das and Mishra, 2014).  
 




2.2.4 Applications of shape memory effect in building repair 
The types of reinforced concrete (RC) structures under increasing loads often show cracks, 
which can lead to a decrease of ductility. It is important that the recovery force provided by 
the shape memory effect is used in the repair. Soroushian et al. (2001) anchored martensitic 
SMA rods to a structure to transfer the recovery forces through electrical heating, so as to 
provide sufficient shear strength. As shown in Figure 2-29, the SMA elements were used on 
the crack location. The results indicate that the application can provide rapid and efficient 
repair and strengthening for the damaged structures. The reduction of the crack width can 
reach 40%. A similar study was conducted by Li et al. (2006a), who studied the repair of 
using the embedment of SMA wires in the tensile zone of a concrete beam and reinforcement 
using a SMA outside of the concrete beam. By increasing the working temperature of the 
SMA, the cracks were closed, and the deformation was reduced. Consequently, the ultimate 
load capacity was improved significantly. Mo et al. (2004) tested small concrete blocks with 
SMA wires. The results demonstrated that, after heating the SMA, the cracks in the concrete 
were significantly reduced. A phenomenon was discovered whereby the electrical resistance 
value of the SMA wire could monitor the crack opening without sensors. In terms of civil 
engineering applications, the cost of SMAs should be considered for a large number of usages; 
for example, low-cost SMAs such as iron-based SMAs were selected and developed by 
Soroushian et al. (2001). Their experimental results show that copper-based and iron-based 
SMAs can effectively provide strengthening functionality. 
  
Figure 2-29 Repair of a cracked region of a highway bridge in and post-tensioning of exterior shape memory 
alloy elements (Soroushian et al., 2001; Janke et al., 2005) 
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2.3 Tuned mass damper 
The tuned mass damper is found to be superior at transferring and dissipating energy from 
the main structure so as to reduce the vibration response, which has led to the TMD becoming 
a popular device used in structural vibration control around the world. TMD design was 
rapidly developed, and an increasing number of optimal design methods were proposed. In 
recent years, semi-active TMDs have developed expeditiously. Compared with conventional 
passive TMDs, semi-active TMDs can realise variable stiffness and damping coefficient, 
which is more effective in vibration reduction. In this section of the literature review, the 
previous studies on passive TMDs, optimal TMD design, active TMDs and semi-active 
TMDs are reviewed, and are discussed in terms of their potential and limitations.  
2.3.1 Development of tuned mass dampers 
The concept of the TMD was first proposed by Frahm (1909), who designed a TMD to reduce 
the rolling motions of a ship. Following that, Ormondroyd and Den Hartog (1928) presented 
a TMD theory and Den Hartog (1956) put forward a relatively detailed optimal parameter 
design theory for TMD. In the book by Den Hartog (1956), the theory for an undamped SDOF 
(single-degree-of-freedom) system excited by sinusoidal force was raised, and the aim was 
to increase the damping of the primary structure. Since then, the design methods for TMD 
have been studied extensively, including the design theory of TMD for damped primary 
structures. Significant improvements to the design theory were made by Warburton (1982), 
Tsai and Lin (1993) and Sadek et al. (1997).  
The concept of the TMD is now well developed and predominantly used in reducing wind-
induced vibration. When wind-induced vibration has the same frequency as the natural 
frequency of a building, resonance could be induced, which could lead to the building 
(particularly slender buildings) vibrating substantially. Consequently, the occupants may feel 
uncomfortable or even sick, and the building could even fail. The TMD is a popularly 
installed device that can effectively dissipate the energy and attenuate the vibration, as TMD 
has simple characteristics and superior control effects. There are some examples of early tall 
buildings that used TMDs to prevent the excessive deflection subject to wind excitations, 
which include the CN Tower in Toronto in 1976, the Citicorp Center Office Building in New 
York in 1978 (Petersen, 1980) and the John Hancock Center in Boston in 1978 (ENR, 1977). 
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In the John Hancock Center, there are two 300-ton TMDs that reduce the wind-induced 
vibration, and they were installed at either end of the 58th floor. The natural frequency of the 
TMD was designed to be tuned to 0.13 Hz, which is the estimated natural frequency of the 
primary structure. In Japan, a TMD was installed in a 300 m tall tower of the Akashi Kaikyo 
Bridge to control the vibration due to wind. Koshimura et al. (1994) performed vibration tests 
and field observation and found the effect of the TMD can satisfy the design requirements. 
Through parametric studies (Isyumov et al., 1975; Xu and Kwok, 1994) and measurement 
(Kwok, 1984), the effectiveness of TMD systems in reducing wind-induced vibration can be 
proved. Since then, TMDs have developed rapidly around the world including in the USA, 
China, Japan and so on. Structures with TMD installed were tabulated by Soto and Adeli 
(2013). Recent examples using TMD include Taipei 101 in Taipei (Figure 2-30 (b)) and the 
Shanghai World Financial Center in Shanghai. The tuned mass damper installed in Taipei 
101 is a steel sphere weighing 728 tonnes, suspended from the 92nd to the 87th floor to reduce 
the wind-induced vibration (Figure 2-30 (a)).  
Seismic loads are sometimes impulsive and contain a broad range of frequencies (Chen and 
Wu, 2001). A series of works studied the applications of TMDs under earthquake excitations. 
Hoang et al. (2008) studied a long-span truss bridge in Japan, where the floor deck isolation 
system can be viewed as a vast TMD system. The TMD was optimally designed and assessed 
using simulation studies. Subject to Kobe, El Centro and two simulated ground motions, the 
structure with the TMD exhibited a smaller response compared to the structure without a 
TMD. It is found that, when the mass ratio between the TMD and primary structure increases, 
the TMD becomes more effective and robust against uncertainties. Adam and Furtmuller 
(2010) assessed the seismic performances of TMDs by modelling vibration prone structures. 
It is notable that TMDs are more effective when the structural damping is small. Adam and 
Furtmuller (2010) suggested that a TMD with a mass ratio of 2%-8% can improve the seismic 
performance. Wong and Harris (2012) indicated that a TMD could dissipate the energy and 
improve the seismic performance during small earthquakes; however, the effectiveness 
decreases under strong earthquake conditions. The reason behind this is that there is a period 
shift associated with major structural damage, which suggests the TMD with large size could 
not be effective. To improve the seismic performances, it is important to develop the optimal 





Figure 2-30 (a) Tuned mass damper installed in Taipei 101 (OP, 2011); (b) Taipei 101 (Sourceable, 2015) 
 
Figure 2-31 Multiple TMD system (Igusa and Xu, 1994) 
Another working form of TMD is the multiple TMD (MTMD), which means that there are 
more than one TMD installed on the structure as shown in Figure 2-31. In the 1990s, studies 
on MTMD were initiated (Xu and Igusa, 1992; Igusa and Xu, 1994). MTMD has distributed 
natural frequency and is proved to be more effective than standard TMD. The MTMD can be 
designed to tune several modes of structural vibration. The seismic effect of MTMD was 
assessed by Chen and Wu (2001), and the optimal design was developed (Li and Qu, 2006). 
As indicated by Lewandowski and Grzymislawska (2009), the limitation of the MTMD is 
that the structural response reduction is only greater with MTMD compared to TMD under 
conditions where the parameters of the structure are not exactly known. Generally, the 
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effectiveness of MTMD and TMD is similar. Another limitation of MTMDs is that they 
utilise more space and are more difficult to install. 
2.3.2 Passive tuned mass dampers 
The passive tuned mass damper is the conventional form without any active element, where 
the whole system is entirely mechanical. The theoretical model of a passive TMD system 
consists of a mass (𝑚2), a spring (𝑘2) and a damper (𝑐2), as presented in Figure 2-32, where 
the spring (𝑘2 ) provides stiffness and the damper ( 𝑐2 ) supplies damping. The natural 
frequency of a TMD is usually specifically designed so as to tune a particular range that 
allows the TMD to resonate with the motion of the main structure. Thus, the energy can be 
dissipated through the relative motion.  
 
Figure 2-32 Theoretical model of the installation of TMD (Huang et al., 2017b) 
In Figure 2-32, 𝑘1, 𝑐1and 𝑚1 stand for the stiffness, damping and mass of the main structure, 
respectively. 𝐹1  is the dynamic excitation on the main structure, and 𝑥  denotes the 
displacement. According to the books of Rao (1986), Schmitz and Smith (2012) and Connor 
(2003), the motion of a structure with a TMD can be described using the equations of a 2DOF 
system. The derivation of the equations below refer to Huang et al. (2017b). 
In terms of each free body, the motion can be formulated by the mass, stiffness and damping 

















































where the force is harmonic. 
𝐹1 = 𝐹0𝑒
𝑗𝜔𝑡, 𝑥1 = 𝑋1𝑒
𝑗𝜔𝑡, 𝑥2 = 𝑋2𝑒
𝑗𝜔𝑡 (2.6) 
where 𝜔 means the frequency of the excitation force. The matrix then becomes: 
[
−𝜔2𝑚11 + 𝑗𝜔𝑐11 + 𝑘11 −𝜔
2𝑚12 + 𝑗𝜔𝑐12 + 𝑘12
−𝜔2𝑚12 + 𝑗𝜔𝑐12 + 𝑘12 −𝜔








Let  𝑧𝑚𝑛(𝜔) = −𝜔























] [𝑍]−1 (2.9) 










The response of the primary structure can be solved by 𝑋1 = 𝐻11𝐹0, and the motion of the 
TMD is 𝑋2 = 𝐻21𝐹0 . Therefore, the structural response in the frequency domain can be 
drawn. As indicated in the book by Connor (2003), the structural response can be well 
attenuated when the natural frequency of the TMD is close to that of the primary structure, 
particularly when the TMD is optimally designed. Figure 2-33 shows the structural response 
of an undamped system using a TMD in the frequency domain (Connor, 2003). In the 
horizontal axis, 𝛺 means the natural frequency of the excitation force and 𝜔 is the natural 
frequency of the primary structure. The peak amplitude can be split into two peaks after 
installing the TMD, thus the structural response can be lowered. The optimal design of the 
damping ratio of the TMD (𝜉𝑑) can decrease the structural response amplitude. However, an 
underdamped TMD can increase the peak amplitude, while an overdamped TMD can merge 
the peaks into one peak similar to the response of a 1DOF system, which increases the 
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structural response. Therefore, it is important to design the damping ratio of the TMD and 
previous studies about optimal damping design are illustrated in Section 2.3.3.  
 
Figure 2-33 Response of the structure in frequency domain (Connor, 2003)  
The drawback of a passive TMD is that it is sensitive to the parameters variation of the 
primary structure, as the TMD can be off-tuned leading to the effectiveness becoming 
significantly reduced (Setareh et al., 2006). Damage caused by environmental changes as 
well as extreme events like earthquakes and typhoons can reduce the natural frequency; 
moreover, the change of the mass on the structure can vary the natural frequency (Xue et al., 
2009; Pandey et al., 1991; Luco et al., 1987). Therefore, it is important that the TMD can be 
actively tuned; active and semi-active TMD are being developed to address this issue. Semi-
active TMD can be realised by providing variable stiffness and damping ratio, and the 
development of a semi-active TMD is demonstrated and discussed in Section 2.3.5. 
In spite of the limitations of passive TMDs, they are applied widely because they are 
inexpensive compared with semi-active and active TMDs (Kareem et al., 2007). The passive 
TMD does not need a power supply once it is installed, and the installation of a passive TMD 
is relatively simple.  
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2.3.3 Optimal design of tuned mass damper 
In the design procedure of a TMD, the parameters such as mass ratio, stiffness and damping 
coefficient are significant in terms of optimisation in order to reduce the structural response 
efficiently. After the original introduction of TMD in the early 20th century, several studies 
were dedicated to their optimal tuning. Den Hartog (1956) analysed an undamped primary 
structure with a damped TMD and put forward his optimal tuning method. By changing the 
damping ratio of the TMD to 0, 0.10, 0.32 and ∞, the structural response at different forcing 
frequencies can be seen in Figure 2-34. It is worth noting that all these four curves intersect 
at two points P and Q, independent of damping. Den Hartog (1956) indicated that ‘the 
favourable curve is the one which can pass with a horizontal tangent through the height of 
the two fixed points P and Q’. By varying the natural frequency ratio between the TMD and 
the primary structure, the fixed points P and Q can be shifted up and down. Therefore, it can 
be seen that the optimal tuning condition is where the height of P and Q are equal by adjusting 
the natural frequency ratio between the TMD and the primary structure, and the curve can 
pass a horizontal tangent through these two points by changing the TMD damping ratio. The 
favourable curve would be similar to the curve with the optimal damping ratio in Figure 2-
33. This is the basic theory for optimal tuning of a TMD. Through a series of derivations, 
Den Hartog (1956) proposed a formula to determine the natural frequency ratio between a 





where 𝜇 is the mass ratio between the TMD and the main structure, and 𝑓𝑜𝑝𝑡 is the optimal 
frequency ratio between the TMD and the main structure. When the mass of the TMD is very 
small, the natural frequency of the TMD and the natural frequency of the primary structure 
are nearly equivalent. When the mass of the TMD is large, the natural frequency ratio 𝑓 is 
less than 1, and the natural frequency ratio 𝑓 decreases with the increasing mass of the TMD. 
In terms of situations where large TMD is used, the interaction between the TMD and the 
primary structure becomes large, and the TMD can influence the natural frequency of the 
primary structure. Therefore, the natural frequency of the TMD should be less with a larger 
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The design method created by Den Hartog (1956) is a fundamental way for achieving optimal 
tuning of TMD and subsequent theories are predominantly based on this. Following this, 
Warburton (1982) put forward an improved optimal design formula for TMD, and the optimal 
design considered different types of loadings, including harmonic excitations, wind loads and 
seismic loads. Moreover, the effect of an optimal TMD on a damped primary structure was 
investigated (Warburton, 1982; Tsai and Lin, 1993, 1994).  
The optimisation techniques for TMD have been developed by applying numerical studies. 
A very common numerical approach called Minimax algorithms has been employed to assess 
the optimal TMD under both harmonic force and Gaussian white noise force (Randall et al., 
1981; Zuo and Nayfeh, 2004; Brown and Singh, 2011). A number of studies have proposed 
optimal design methods for TMDs to reduce the seismic response (Miranda, 2005; Sadek et 
al., 1997; Marano et al., 2007; Salvi and Rizzi, 2015). Different optimisation algorithms and 
modelling of the ground motion were adopted. By adopting numerical simulations, 
algorithms can search for the optimal TMD parameters effectively so that the structural 




Figure 2-34 Amplitude of main structure for various value of TMD damping (Den Hartog, 1956) 
 
2.3.4 Active tuned mass damper 
To improve the performance, TMD has been developed with active control. Compared with 
conventional TMD, the active TMD feed additional energy to the structure. The control 
principle of active TMD is shown in Figure 2-35. An actuator is installed on the active TMD, 
and the actuator can exert force to the primary structure to damp the external force, so as to 
attenuate the vibration. The active TMD principle was previously investigated by Morison 
and Karnopp (1973). The control strategy to determine how the actuator operates is important. 
The control approach and the optimisation of active TMDs were further discussed by 
Nishimura et al. (1992), and the simulation results show the amplitude was reduced by 80% 
compared with passive TMDs. Furthermore, Chang and Yang (1995) and Cao and Li (2004) 
investigated the control strategy for active TMDs. Chang and Yang (1995) proposed a control 
approach for active TMD by analysing the feedback of the primary structural response. They 
applied an active TMD to a 10-storey building and found a limitation that the structural 
response cannot be reduced using velocity feedback with optimal parameters. Li et al. (2010) 
developed an active TMD to minimise the torsional and translational response of an 
asymmetric structure. There are two main advantages of the active TMD: (1) the active TMD 
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can outperform in off-tuning conditions; (2) the active TMD can optimise its transient 
performance, which is useful to mitigate seismic vibration (Connor, 2003).  
Although active TMD can behave better than conventional passive TMD in some situations, 
there can be drawbacks. The financial costs of active TMD are more significant than passive 
TMD, because it is complicated to install and manufacture active TMD. Moreover, the active 
TMD needs more power supply and significantly raises the operating costs (Connor, 2003). 
The effect of the active TMD is applied by the actuator’s force, which highly depends on the 
control algorithms. Another limitation is that the error of control algorithms can exert the 
destructive force on structure, which can ultimately lead to its failure (Jalili and Esmailzadeh, 
2002).  
 
Figure 2-35 Active tuned mass damper (Nishimura et al., 1992) 
 
2.3.5 Semi-active tuned mass damper  
The Semi-active TMD is a passive vibration control system with adjustable parameters and 
is less energy-consuming and less complex compared with active TMD. In the optimal design 
of a conventional passive TMD, the stiffness and damping coefficient are always fixed, 
according to Den Hartog (1956). However, the mass on the primary structure and the stiffness 
of the primary structure are not fixed, so the structural variance could lead to off-tuning, and 
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then the effectiveness of the TMD becomes limited. The semi-active TMD addresses this 
issue. The semi-active TMDs with variable stiffness and damping coefficient are required to 
retune the primary structure to the new natural frequency so as to control the structural 
response. A number of studies have been dedicated to developing semi-active TMD with 
variable damping coefficient to reduce the vibration actively. Hrovat et al. (1983) proposed 
a semi-active TMD to control wind-induced vibration, and the damping can be adapted using 
a valve actuator using a small amount of external power. The numerical simulation results 
show that a semi-active TMD can lead to significant improvements by reducing structural 
response compared with conventional TMD. Abe and Igusa (1996) and Abe (1996) put 
forward several optimal control algorithms for semi-active TMD with variable damping. Abe 
(1996) stated that the semi-active TMD performs more effectively than conventional passive 
TMD under seismic loadings by conducting numerical simulations. A magnetorheological 
system is a popular approach for semi-active vibration control. A Tuned Mass Damper-
Magnetorheological (TMD-MR) system was used to provide variable damping for TMD (Lin 
et al., 2005). The TMD-MR system was assessed by installing it on a framed structure under 
El Centro and Kobe earthquake conditions in comparison with an active TMD. The 
simulation results demonstrate that the semi-active TMD can significantly improve the 
control capacity of the TMD. In comparison (Lin et al., 2005), the active TMD is more 
effective than the semi-active TMD, but the semi-active TMD is more economical because 
it uses less power and is easier to install. A TMD-MR system was also applied to reduce floor 
vibration due to off-tuning (Setareh et al., 2007). The effectiveness of retuning of semi-active 
TMD was shown to be superior when the structure is off-tuned by varying mass. However, 
the off-tuning caused by human presence was controlled less effectively by semi-active TMD, 
as the human-structure dynamic interaction was not considered in the analytical modelling 
(which is a simplified model). Therefore, in the future, this subject should be studied further.  
The semi-active TMD with variable stiffness has been developed for tuning flexible natural 
frequencies. Nagarajaiah and Varadarajan (2000) developed a semi-active variable stiffness-
tuned mass damper (SAIVS-TMD), as shown in Figure 2-36. The SAVIS-TMD consists of 
four springs in a rhombus configuration, and they are connected with four pivot joints. The 
aspect ratio of the rhombus configuration can be adjusted by an electromechanical actuator. 
Thus, the stiffness can be varied by changing the diagonal between joint 1 and 2 and the 
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diagonal between joint 3 and 4, as shown in Figure 2-36. Compared with active TMD, the 
SAVIS-TMD requires less power. Varadarajan and Nagarajaiah (2004) applied the SAVIS-
TMD to control wind-induced vibration. The results show that the SAVIS-TMD is robust 
when the stiffness of the main structure changes by ±15%, while the conventional passive 
TMD is off-tuned. The effectiveness of the SAVIS-TMD to reduce wind-induced wind 
vibration is similar to that of the active TMD. The limitation of the SAVIS-TMD is that the 
mechanism is complex. Sun et al. (2013) designed a novel working form of TMD, which 
combines a nonlinear TMD and a semi-active TMD in parallel, and showed high 
effectiveness in reducing steady-state and transient responses. Compared with active TMD, 
semi-active TMD does not introduce energy to the whole system; however, semi-active TMD 
can provide comparable vibration control capacity or behave even better. More importantly, 
semi-active TMD is cheaper, easier to install and has energy-saving capabilities. For example, 
the operating power of a semi-active damper is about 2 kW for an earthquake control (Chen 
and Chen, 2004), while the operating power for an active TMD is 23.5 kW for the earthquake 
control (Ikeda et al., 2001). The comparison indicates the energy consumed for active TMD 






Figure 2-36 semi-active variable stiffness-tuned mass damper (SAIVS-TMD) (Nagarajaiah and Varadarajan, 
2000) 
Some smart materials can undergo a stiffness change by stimulation and are well suited to be 
employed in semi-active control. Piezoelectric materials can be used in a semi-active TMD 
to change its stiffness by changing the curvature of the geometry (Bonello et al., 2005). In 
Davis and Lesieutre (2000) study, piezoelectric ceramic elements were used in a semi-active 
TMD, and its stiffness could then be adjusted electrically. The results show that the natural 
frequency of the semi-active TMD can be varied by ±3.7%. Applications using piezoelectric 
materials require less power and react rapidly; however, the natural frequency variation is 
small as only a fraction of the stiffness in the device can be changed in practice. Semi-active 
TMDs using piezoelectric materials are mainly used in mechanical engineering domains, e.g. 
reducing vibration for vehicles (Bein et al., 2008), and the control system for civil structures 
should be studied more. Magnetorheological (MR) materials are able to control their elastic 
modulus by the magnetic field and are developed in both mechanical and civil engineering. 
Deng and Gong (2008) controlled the natural frequency of an MR semi-active TMD from 
27.54 to 40 Hz, and the vibration absorption capacity was proved by installing it on a beam 
structure. The effectiveness of the MR semi-active TMD was shown to be higher than the 
conventional TMD owing to its frequency-shift ability. MR fluids are popularly used, but 
65 
 
there are some drawbacks. For example, MR fluids can lead to leaking and environmental 
contamination (Kela and Vahaoja, 2009). To avoid these problems, MR elastomers are  
recommended instead of MR fluids, and the improvement of the performance of the MR 
elastomers can be further developed. The application of shape memory alloys in semi-active 
control is fascinating, because SMAs can provide adequate self-centring capacities and two 
transformative phases. SMA is suitable to adjust the stiffness and damping ratio by 
temperature control, as illustrated in Section 2.1.4. The applications of SMAs to semi-active 
TMD are reviewed in detail in Section 2.2.2. SMA-based semi-active TMD can effectively 
retune the primary system frequency in case of variation caused by varying mass and 
excitation frequency. The SMA-based semi-active TMD is mechanically simple and 
developed in the mechanical engineering domain. More research concerning the civil 
engineering applications should be conducted.  
2.3.6 Pros and cons of different tuned mass damper systems  
By summarising the literature review above, Table 2.3 presents the pros and cons of different 
TMD systems. Active TMD and semi-active TMD can effectively address the off-tuning 
issues, but active TMD consumes more energy and is more expensive. Moreover, the 
operation of active TMD is complicated, and the error of the external force provided by active 
TMD may pose a threat to the main structure. The semi-active TMD is a promising system 
with a series of benefits compared with active and passive TMDs.  
Under conditions of large deformation, the materials used in the TMD could experience 
failure when it undergoes plastic deformation. The application of the SMA can improve the 
durability of the TMD owing to its superelasticity. Additionally, temperature control on the 








Table 2.3 Pros and cons of different TMD systems 
 Passive TMD Active TMD Semi-active TMD 
Costs Low High Relatively low 














controls the structural 
response in off-tuning 
situations.  
(2) Effective in 
reducing seismic 
vibrations. 
(1) Effectively controls 
the structural response in 
off-tuning situations. 
(2) Energy-efficient and 
cheaper than active 
TMDs. 





the TMD is off-
tuned. 
 
(1) Expensive, difficult 
to install and complex 
to operate.  
(2) The error of the 
external force could 
damage the main 
structure. 
 
(1) The residual strain of 
the materials in the 
TMD in its inelastic 
deformation. 
(2) The operation of 
SAIVS-TMD system is 
complex (Nagarajaiah 
and Varadarajan, 2000). 
 
2.4 Summary 
With regard to the aim of this study to analyse the application of SMAs in a semi-active TMD 
to reduce the excessive vibration caused by off-tuning, this chapter has reviewed the literature, 
including material studies of SMA, applications of SMA and studies on TMD systems. The 
development of SMA has been reviewed, showing that the newly developed Cu-Al-Mn 
shows competitive mechanical properties and cost effectiveness in terms of civil engineering 
applications. SMAs are known to have two unique characteristics: superelasticity and shape 
memory effect. The shape memory effect is an ability that allows materials to recover with 
external heating, and superelasticity exhibits self-centring properties; these two 
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characteristics both depend on temperature. In addition, the mechanical properties of SMAs 
rely heavily on the working temperature, and the sensitivity to temperature is mainly related 
to the phase transformation temperature, composition and size of the SMA. For seismic 
applications, materials undergo large strain levels but less loading cycles at a wide range of 
frequencies and, for wind-induced vibration, the high-cycle fatigue properties and cyclic 
effect should be considered. By reviewing the literature, it was found that the loading cycles 
and loading frequency affect the cyclic behaviours of SMAs. The materials studies on copper-
based SMAs should be conducted in greater detail regarding civil engineering applications, 
and it is important to take the large grain size of copper-based SMAs into account as a factor 
influencing dynamic behaviours. There are disagreements between previous SMA materials 
studies, which may have been caused by the difference between materials composites and 
the difference between NiTi-based SMAs and copper-based SMAs. Materials 
characterisation of copper-based SMAs prior to their civil engineering applications is 
essential. SMAs have been studied in civil engineering applications and the results show that 
SMAs are well suited for application in passive and active vibration control systems owing 
to their adequate damping, self-centring capacities and thermomechanical properties.  
The tuned mass damper is a popularly used vibration control device and has been developed 
since the 1900s. The optimal design has been investigated, and a series of design theories 
have been forward. A growing number of studies have shown that the semi-active TMD is 
more effective to control the vibration in case of off-tuning problems compared with the 
conventional passive TMD, and it is more energy-saving and economical than the active 
TMD. SMAs are smart materials that are able to work in semi-active TMD by providing 
variable stiffness and damping coefficient. Moreover, the SMA-based semi-active TMD is 
mechanically simple, environmentally friendly and self-centring compared with other types 
of semi-active TMD. As most of the previous studies have been dedicated to mechanical 
vibration reduction using SMA-based semi-active TMD, it is important to investigate the 



























Chapter 3 Fatigue of SMA 
The fatigue behaviour of SMAs is important to be studied in terms of both large and small 
deformations, and it is also important to study the material characteristics during cyclic 
loading life. When SMAs work in TMDs, cyclic loading is a common feature. For example, 
the SMA can operate in repeated motions with a large strain level under seismic excitations. 
Despite large deformations, SMAs installed in TMDs are expected to withstand a significant 
number of minor oscillations due to the actions of the wind (Torra et al., 2009). Thus, superior 
and stable cyclic and fatigue behaviours of SMAs are required in vibration control.  
The fatigue behaviours of SMAs can be separated into structural fatigue and functional 
fatigue (Eggeler et al., 2004; Ataalla et al., 2012). Structural fatigue indicates the decaying 
properties caused by the accumulation of microstructural damage, such as cracks, which can 
lead to structural failure. Functional fatigue is a degradation of the shape memory effect or 
damping capacity of a superelastic SMA due to plasticity. Fatigue life is defined in this study 
as the number of cycles to failure under a given amplitude of strain. However, as determined 
in the results from the aforementioned previous research, which studied the effects on the 
fatigue of both copper-based SMAs and NiTi SMAs, the fatigue behaviours can vary 
depending upon different testing conditions and should be studied with specific regard to 
strain levels and specimens. There is a particularly requirement for studies into copper-based 
SMAs and SMA bars in terms of their civil structural applications. Unlike SMA wires under 
bending, the bending of bars has a dissymmetric effect, which means that the neutral plane 
can move during cyclic loading. In this case, the fatigue behaviours of SMA bars under 
bending should be studied in particular (Rejzner et al., 2002).  
In relation to their application in civil structures, this study will discuss the fatigue life and 
functional fatigue of SMA bars under bending, thereby demonstrating both the fatigue 
behaviours and the cause of the fatigue. To demonstrate the fatigue behaviours, both NiTi 
and Cu-Al-Mn SMA bars are employed in this study, with a three-point bending testing rig 
designed for this purpose. Different dynamic loading frequencies and deformation 
procedures are performed so as to study the frequency effect and fatigue life. The stress-strain 
curve, damping ratio, secant stiffness and fatigue life of the bars are analysed.  
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3.1 Materials and methods for testing SMA bars 
The superelastic NiTi bars (diameter 7 mm, length 125 mm) and superelastic Cu-Al-Mn bars 
(diameter 12 mm, length 125 mm) utilised for the research in this chapter were provided by 
Nitinol Devices & Components, Inc., U.S.A. and Furukawa Techno Material Co., Ltd., Japan, 
respectively. The chemical composites of NiTi and Cu-Al-Mn SMA are Ni = 52.2 wt% and 
Ti = 47.8 wt% and Cu = 81.9 wt%, Al = 7.4 wt% and Mn = 10.7 wt% (weight percentage), 
respectively. According to the material providers, the transformation temperature 𝐴𝑓 of NiTi 
is −40℃. The transformation temperatures were tested by differential scanning calorimetry 
(DSC) analysis, and the results can be seen in Figure 3-1. The transformation temperature 𝐴𝑓 
of Cu-Al-Mn SMA is −53℃. This indicates that the NiTi SMA and Cu-Al-Mn SMA bars 
utilised in these tests are austenitic and behave in superelasticity.  
 
Figure 3-1 Differential scanning calorimetry analysis of Cu-Al-Mn SMA 
Both the NiTi and Cu-Al-Mn samples were polished and had similar surface conditions. It is 
important to note that the Cu-Al-Mn SMA in this study has a large grain size. Furthermore, 
it can be seen that there are clear boundaries along the longitudinal direction (Figure 3-2). 















Figure 3-3 (a) Bending testing rig; (b) Cross-section drawing of bending testing rig 
In order to conduct the bending tests on the alloy bars, a three-point bending rig was 
manufactured, as seen in Figure 3-3. The specimen bar (Point 4) was supported by two 
rounded bearings (Points 1 and 2), where the space between the two bearings was 100 mm. 
The bearings are free rotation. At the middle of the specimen bar, a steel plate (Point 3) was 
positioned so it could pull or push the specimen to a specified displacement. The cross-
section drawing can be seen in Figure 3-3 (b). 
The cyclic bending tests were performed at a room temperature of approximately 25℃, with 
an air conditioner located beside the rig maintaining the constant ambient temperature. The 
four strain levels selected were 0.5%, 1%, 2% and 6%, along with three loading frequencies, 
1 Hz, 5 Hz and 8 Hz. The latter frequencies tests were only performed for the smaller strain 
levels, as seen in Table 3.1. Then, the SMA bars completed each loading procedure using a 
triangle waveform under displacement control for a maximum of 100,000 cycles. During 






Table 3.1 Parameters of cyclic loading 
Strain 0.5% 1% 2% 6% 
 1Hz 1Hz 1Hz 1Hz 
Frequency 5Hz 5Hz   
 8Hz 8Hz   
 
The maximum tensile strain for the small strain levels (0.5% and 1%) set on the machine was 









where 𝑥 = the displacement of the machine, 𝑑 = diameter of the specimen, 𝑅 = radius of 
curvature and 𝑎 = half of the free length of the specimen.  
Concerning that the deformation is not linear at larger strain levels (2% and 6%), the strain 









where ∆𝐿 is the total deformation on the surface in tension, 𝐿 is the initial dimension of the 
sample surface in tension, and 𝑙 is the final dimension of the sample surface in tension. 
The initial dimension 𝐿 is: 
𝐿 = 2𝑎 (3.4) 
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× 𝜋(2𝑅 + 𝑑) (3.5) 




(2𝑅 + 𝑑) − 2𝑎
2𝑎
 (3.6) 
It is important to note that 𝜀 represents the strain on the surface in tension. 
3.2 Results 
3.2.1 Stress-strain relationship 
The stress-strain graphs for the NiTi and Cu-Al-Mn SMAs in Figure 3-4 and Figure 3-5 
reflect the maximum stress at the largest bending position. It is notable the stress is calculated 
by assuming the position of neutral axis is constant. The curve indicates that the NiTi SMA 
specimens do not transform to the martensitic phase from austenite at either the 0.5% or the 
1% strain. For the NiTi 2% strain level, there is a partial transformation due to superelasticity. 
However, the Cu-Al-Mn SMA undergoes partial transformation at 1% strain, which indicates 
that the transformation strain of the Cu-Al-Mn is smaller than that of the NiTi SMA.  
Compared with the NiTi stress-strain graphs, the Cu-Al-Mn SMAs display obvious structural 
fatigue, since the stiffness decays gradually. From observation of the specimens’ surfaces 
during testing, it was determined that cracks frequently appeared on the Cu-Al-Mn specimens, 
which led to stiffness decay (Figure 3-5). For example, Figure 3-6 shows a crack on a Cu-
Al-Mn sample surface under the conditions of 0.5% strain at 5 Hz. The gradual accumulation 
of microstructural damage can cause decaying properties and the ultimate fracture of the 






















Figure 3-6 Crack appears on Cu-Al-Mn specimen surface during test 
3.2.2 Damping ratio 
In relation to the damping behaviours of SMAs, Figure 3-7 and Figure 3-8 present the 
damping ratio evolution at 1 Hz, 5 Hz and 8 Hz for 0.5% and 1% strains, respectively. The 





where 𝛥𝑊  is the dissipated energy, and 𝑊  is the equivalent elastic strain energy. The 
detailed approaches for calculating the damping ratio in this study are referenced from the 






Figure 3-7 Evolution of the damping ratio at 1Hz, 5Hz and 8Hz for NiTi SMAs (upper chart: 0.5% strain, 













Figure 3-8 Evolution of the damping ratio at 1Hz, 5Hz and 8Hz for Cu-Al-Mn SMAs (upper chart: 0.5% 
strain, lower chart: 1% strain) 
Several of the evolutions of the damping ratio with cycles show functional fatigue (Figure 3-
7 and Figure 3-8). The damping ratio decreases dramatically during the first cycles, which 









8 Hz for 1% NiTi and 5 Hz & 8 Hz for 0.5% Cu-Al-Mn. The reason for the functional fatigue 
was revealed in previous research, where it was determined that it was due to the internal 
stress caused by dislocation slip. As seen for the 8 Hz 1% Cu-Al-Mn, there is a scattered 
effect due to a deficient sampling rate during measurement at such a high loading rate; 
however, this does not affect the studies on cyclic behaviours. 
Figure 3-9 shows the averaged damping ratio after 100 cycles for 0.5%, 1% and 2% strains 
and the average damping ratio after 10 cycles for 6% strain. The reason for calculating the 
averaged damping ratio after 100 or 10 cycles is to reduce the influence of the larger damping 
ratio in first cycles caused by the dislocation slip. The cycle number for calculating each 
averaged damping ratio is different; e.g. the cycle number at high strain level of 6% is smaller. 
The ranges of cycle number are presented in Figure 3-9. A higher strain level leads to a higher 
damping ratio, and the frequency dependence can be observed in this figure. In comparison, 
Cu-Al-Mn SMAs have a better damping capacity than NiTi SMAs. The transformation 
starting stress of the NiTi SMA is high, and it is in a state of elastic deformation or partial 
transformation from 0.5% to 2% strain levels; therefore, the damping ratio of NiTi is low in 
this range. 
 
Figure 3-9 Comparison of the average damping ratios 
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3.2.3 Secant stiffness 
When considering the superelastic properties of SMAs, the secant stiffness is an appropriate 






σmax, σmin and εmax, εmin represent the maximum and minimum stress and strain in each 
hysteresis, respectively. The stress (σmax and σmin) is taken from the value at the location of 
the maximum bending moment. 
Figure 3-10 compares the averaged secant stiffness for the NiTi SMA after 100 cycles in each 
loading condition. Figure 3-11 shows the averaged secant stiffness at the stabilised plateau 
(stabilised cycles) for the Cu-Al-Mn SMA. In terms of the NiTi SMA, it can be seen that the 
stiffness is insensitive to dynamic frequencies from 1 Hz to 8 Hz. Secant stiffness at 0.5% 
strain decreases by approximately 4 GPa with the increasing loading rate. There are larger 
differences for the Cu-Al-Mn SMA between 1 Hz, 5 Hz and 8 Hz, and there is a decline at 
0.5% strain, while the secant stiffness rises at the 1% strain level with the increasing loading 
rate. To put this into contrast, it is important to note that when the frequency is above 5 Hz, 
the change in stiffness of NiTi is moderately less than Cu-Al-Mn. From Figure 3-10 and 
Figure 3-11, one can determine that the stiffness of Cu-Al-Mn SMAs is less than that of the 





Figure 3-10 Comparison of the average stiffness of each loading procedure on NiTi SMAs 
 
 
Figure 3-11 Comparison of the max stiffness of each loading procedure on Cu-Al-Mn SMAs 
 
3.2.4 Fatigue life 
Figure 3-12 depicts the fatigue life of the NiTi SMA and Cu-Al-Mn SMA. Cu-Al-Mn SMAs 
are highly dependent on frequency, and the data in this graph illustrates that the fatigue life 
is prolonged when the frequency is higher. In clarification, the Cu-Al-Mn specimen did not 
fracture after 100,000 cycles with 0.5% strain at 8 Hz, which demonstrates the superior 
fatigue properties under these conditions. By contrast, the fatigue life of the NiTi SMA is 
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less dependent on the frequency. In comparison with NiTi SMAs, Cu-Al-Mn SMAs exhibit 
an improved structural fatigue life under cyclic bending. This indicates that there is an 
obvious turning trend in the fatigue life of NiTi and Cu-Al-Mn SMAs. When the strain level 
is below 1%, the fatigue life can be increased dramatically.  
When examining the fracture position of each of the specimens, it is predominantly located 
in the position of the maximum bending moment, which is in the middle of the specimen. All 
of the NiTi bars broke in the middle, while of the majority of the Cu-Al-Mn bars fractured at 
the grain boundary rather than at the point of the maximum bending moment. It can be 
observed that the grain boundary is a weak area that is susceptible to cracking. 
 
Figure 3-12 Fatigue life of NiTi and Cu-Al-Mn SMAs 
3.3 Discussion 
As explained previously, the effect of the loading rate is associated with the 
thermomechanical properties of the SMA, as illustrated by the Clausius-Clapeyron 
coefficient, which represents the relationship between working temperature and stress. The 
effect of the loading rate, therefore, does not react at a relatively constant temperature. For 
example, Leo et al. (1993) tested NiTi SMA wires at different loading rates (0.5, 5 and 50 
mm/min). They controlled the specimens’ temperature constantly using the surrounding 
media, and the results showed that the effect of loading rate became insensitive. Bearing this 
in mind, in terms of this study focused on fatigue, the loading rate dependence for NiTi SMA 
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is weak. This is because, when the strain level is small, the phase transformation from 
austenite to martensite does not occur; therefore, the dissipated energy is relatively low and 
hence the specimen maintains a relatively constant temperature.  
The findings in this chapter that the fatigue life of the Cu-Al-Mn SMA increases with the 
loading frequencies are new to the field, as previous studies have not analysed the frequency 
effect on the fatigue life of copper-based SMAs. The only comparable studies that have been 
conducted were those by Casciati and Marzi (2010), which examined 0.5 Hz loading and 
Torra et al. (2009)’s work at 1 Hz, where the fatigue life of Cu-Al-Be SMA at 1 Hz was more 
than that at 0.5 Hz for approximately 6,000 cycles under small stress levels (200 MPa – 300 
MPa). 
With respect to the structural fatigue behaviours of Cu-Al-Mn indicated earlier in this study, 
these could be attributed to the large grain size, and also because it is relatively easy to induce 
a crack at such a long grain boundary. As illustrated by Van Humbeeck (1991) and Gloanec 
et al. (2010), the grain boundary is a weak area that is susceptible to cracking. In this study, 
the grain size of the Cu-Al-Mn SMA is larger than the diameter, and this grain structure is 
called ‘bamboo-like’ structure (Figure 3-2). The ‘bamboo-like’ grain structure is also 
presented in Figure 2-14, and it is notable that it is different from the grain structure shown 
in Figure 2-13. Due to the large grain size and ‘bamboo-like’ structure of the Cu-Al-Mn SMA, 
it can exhibit behaviours similar to single crystal SMAs, which enables the SMA in this study 
to achieve a better structural fatigue life.  
According to the damping ratio evolution in this study, not all of the specimens displayed 
signs of functional fatigue and some of the specimens presented stable cyclic behaviours. 
This suggests that functional fatigue does not always occur, because it depends on the 
dislocation and microstructural slip. It is important to note that appropriate material 
treatments, such as annealing and cold work, can prevent functional fatigue.  
It is to be noted that the damping ratio is geometry dependent. For example, by bending an 
SMA round bar and a square bar, which have the same height between the neutral axis and 
the surface, the square bar would have a particular larger cross-section area on the high stress 
level when the tensile surfaces of these two bars are on the same stress level. Therefore, the 
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SMA square bar has a larger damping capacity during cyclic loadings. Additionally, the 
square bar has the benefit of facilitating the unidirectional vibration. Therefore, employing 
the SMA square bar under bending is more beneficial in energy dissipation applications. 
3.4 Summary 
This chapter presents the results from the cyclic fatigue bending tests on SMA bars at 
different dynamic loading frequencies. In the study, both NiTi SMA and Cu-Al-Mn SMA 
bars were tested for approximately 100,000 cycles, and different strain levels were imposed. 
From the resulting strain-stress curves, NiTi shows a higher transformation strain of about 
1000 MPa compared with that of Cu-Al-Mn SMA of 600 MPa. The stiffness decay of Cu-
Al-Mn SMAs is observed in the stress-strain graphs; in contrast, the stress-strain curves of 
the NiTi SMAs are constant with cyclic loading. For the Cu-Al-Mn SMA bars, the fatigue 
life depends on the loading frequency and is longer at higher frequencies; e.g. the fatigue life 
at 1% strain level can be increased by about 3 times by increasing the loading frequency from 
1 Hz to 8 Hz. However, the fatigue life of the NiTi SMA does not show the same level of 
dependence. The functional fatigue depends on the microstructure of the material and is 
induced by dislocation slip. Cu-Al-Mn performs more efficiently in terms of structural 
fatigue life than the NiTi SMA, which is a superior property required to reduce long-term 
wind-induced vibration. 
In summary, both the Cu-Al-Mn and NiTi SMA bars are appropriate for application in civil 
engineering with respect to their high damping capacities and stiffness as well as their 
particular re-centring properties. Small-deformation (<1% strain) conditions are preferred for 
both types of SMAs because they are able to sustain a longer fatigue life in these conditions. 
High-frequency loading conditions are preferred for Cu-Al-Mn as it can effectively improve 
the fatigue life. In terms of mechanical properties, the Cu-Al-Mn SMA has increased 
damping capabilities, while the NiTi SMA shows higher stiffness under all testing conditions. 
For practical use of the NiTi and Cu-Al-Mn SMA bars, the effect of frequency on their 
damping capacities requires consideration. For instance, in dynamic applications that require 
greater dissipation of energy, it is more effective to operate at a higher loading rate. Therefore, 




Although the Cu-Al-Mn SMA bars show superior properties for utilisation in TMDs to 
control wind-induced and seismic vibrations, the unstable mechanical behaviours during 
cycling should be considered. In particular, the grain boundary may lead to stiffness decay. 
Additionally, changes to the loading frequency can lead to variable secant stiffness of Cu-
Al-Mn. In order to stabilise and improve the fatigue behaviours of the Cu-Al-Mn SMA, 
approaches such as utilising more single-crystal Cu-Al-Mn SMA or enhancing the grain 







































Chapter 4 Theoretical development of TMD 
After earthquakes, typhoons and other natural disasters, the stiffness of structures could be 
altered, even if the buildings are repaired. During long periods of service, buildings 
commonly suffer from ageing, which could lead to stiffness decay. For any building, the mass 
could change on a daily basis due to the movement of the building occupants, decoration and 
adding or removing facilities, which means that the mass cannot be fixed. The limitation of 
a TMD is that it requires the characteristics of the main structure to be fixed, otherwise the 
effectiveness could be reduced due to off-tuning. Therefore, it is particularly important to 
study the effect of damping and stiffness of the TMD on the response of buildings when the 
characteristics of the buildings are varied. Hence, it can demonstrate how a semi-active TMD 
acts to mitigate the resulting vibration.  
Another limitation is that sizeable TMDs could increase the loading on the main structure, 
while also increasing spatial requirements and construction costs, even though TMDs could 
be more effective with larger mass (Hoang et al., 2008). The theoretical study in this chapter 
will evaluate the feasibility of semi-active TMDs requiring less mass.  
In Chapter 3, the cyclic behaviours of SMA bars have been studied, and the results 
demonstrate that the Cu-Al-Mn SMA has superior properties for application in TMDs for 
dynamic control. In this chapter, a building structure with semi-active TMD is theoretically 
modelled using MATLAB, and the dynamic response excited by force loadings is analysed. 
The effect of the variable properties of the TMD on dynamic performance is presented, in 
order to demonstrate the importance of semi-active control. Moreover, the structural 
performance of using a smaller TMD is tested using theoretical modelling, with the aim of 
verifying the proposition that semi-active control could necessitate a TMD with less mass. 
4.1 Theoretical modelling of the application of TMD to a building structure 
An n-storey structure can be simplified to an n-DOF system. A TMD is installed on the top 
floor, as shown in Figure 4-1, where 𝑚, 𝑘 and 𝑐 imply the mass, stiffness and damping, and 
𝐹 denotes the external force acting on each storey. The dynamic motion of this n-storey 
structure can be shown by calculating the displacement of each storey, represented by 𝑥. By 
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isolating each storey, the force analysis can be seen in Figure 4-2, where 𝑖 implies the ith free 
body.  
 
Figure 4-1 The theoretical model of an n-storey structure with a TMD 
 
Figure 4-2 The ith free body 
By locating the TMD on the top floor of the structure, the theoretical model becomes a (n+1)-
































The elements in the mass matrix, damping coefficient matrix and stiffness matrix are 
simplified by 𝑚𝑚,𝑛 , 𝑐𝑚,𝑛  and 𝑘𝑚,𝑛 , respectively. Here, 𝑚  denotes the row number and 
𝑛 indicates the column number of each element in the matrix. In Equation (4.2), it shows the 


































The forces 𝐹1 to 𝐹𝑛 are the harmonic forces at a frequency of 𝜔, as presented in Equation 
(4.3), with the displacement of each free body shown in Equation (4.4). 
𝐹1 = 𝐹10𝑒
𝑖𝜔𝑡,  ⋯ , 𝐹𝑛 = 𝐹𝑛0𝑒
𝑖𝜔𝑡 (4.3) 
𝑥1 = 𝑋1𝑒
𝑖𝜔𝑡, ⋯ , 𝑥𝑛 = 𝑋𝑛𝑒
𝑖𝜔𝑡 , 𝑥𝑇 = 𝑋𝑇𝑒
𝑖𝜔𝑡 (4.4) 
The Equation (4.2) can be generated as: 
[
−𝜔2𝑚1,1 + 𝑖𝜔𝑐1,1 + 𝑘1,1 ⋯ −𝜔
2𝑚1,𝑛+1 + 𝑖𝜔𝑐1,𝑛+1 + 𝑘1,𝑛+1
⋮ ⋱ ⋮
−𝜔2𝑚𝑛+1,1 + 𝑖𝜔𝑐𝑛+1,1 + 𝑘𝑛+1,1 ⋯ −𝜔












Let  𝑧𝑚,𝑛(𝜔) = −𝜔
2𝑚𝑚,𝑛 + 𝑖𝜔𝑐𝑚,𝑛 + 𝑘𝑚,𝑛 






















] [𝑍]−1 (4.7) 
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4.2 The effects of stiffness and damping of a TMD on structural response during 
harmonic forced vibration 
4.2.1 Methods 
As a tool to examine the dynamic behaviours of a 10-storey building structure, the structure 
is modelled by a 10DOF system. The characteristics of this structure were referenced from 
Liu et al. (2008), where the stiffness is 4.73 × 107 N/m, the damping coefficient is 
1.15 × 106 N s/m and the mass of the structure is 9.8 × 105 kg per storey. A TMD was 
installed on the top floor as it would mitigate the effects of vibration more effectively in a 
location with large deformation (Irwin et al., 2008). After applying the TMD, the theoretical 
model becomes an 11DOF system, as shown in Figure 4-1, where 𝑛 = 10. Therefore, 𝑚1 to 
𝑚10 imply the mass of each storey of the structure and 𝑚𝑇 represents the mass of the TMD. 
𝑘, 𝑐, 𝑥 and 𝐹 express the stiffness, damping coefficient, displacement and forces loaded on 
each storey, respectively. The amplitude of the excitation force (𝐹0) on each storey was 100 
N. This model was simulated on MATLAB.  
There are two reasons for selecting a 10DOF system as the analytical example. The first 
reason is because of the increasing number of applications that a multi-TMD system could 
provide in the future. In other words, multiple TMDs could play a crucial role in mitigating 
vibration, with a TMD located in each storey. Therefore, the primary structure of multiple 
DOF systems should be explored further. The second reason is that tall and flexible structures 
are significantly more susceptible to external actions. In this case, the 10DOF system is 
modelled in order to demonstrate the performance of a taller and more flexible structure. 
To demonstrate the effect of the variable characteristics of the TMD on the dynamic response, 
the stiffness of the TMD ranged from 1 to 106 N/m, and the damping coefficient of the TMD 
was varied between 1 and 106 N s/m, which modelled the semi-active controlled TMD. The 
response of the structure was revealed by the maximum displacement amplitude of the tenth 
storey. The properties of the main structure were varied by changing the stiffness from a half 
to double, in order to model the in-service changes of the main structure. Three different mass 
ratios from 2% to 4% were applied (by varying the mass of TMD) in order to explore the 
feasibility of semi-active control that requires a TMD with less mass. The testing protocol is 
tabulated in Table 4.1. It is important to note that, in this table, the initial mass of each storey, 
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the stiffness and the damping coefficient of the main structure are represented by the 
symbols 𝑚𝑖,  𝑘𝑖 and 𝑐𝑖, respectively, where  𝑚𝑖 = 9.8 × 10
5 kg, 𝑘𝑖 = 4.73 × 10
7 N/m and 
𝑐𝑖 = 1.15 × 10
6 N s/m. The initial mass of the TMD is represented by 𝑚𝑇, which is fixed at 
𝑚𝑇 = 3.92 × 10
4 kg. 
Table 4.1 Testing protocol 








1 𝑚𝑖  𝑘𝑖 𝑐𝑖 𝑚𝑇 4% 
2 𝑚𝑖  0.5𝑘𝑖 𝑐𝑖 𝑚𝑇 4% 
3 𝑚𝑖  2𝑘𝑖 𝑐𝑖 𝑚𝑇 4% 
4 𝑚𝑖  𝑘𝑖 𝑐𝑖 0.75𝑚𝑇 3% 
5 𝑚𝑖  0.5𝑘𝑖 𝑐𝑖 0.75𝑚𝑇 3% 
6 𝑚𝑖  2𝑘𝑖 𝑐𝑖 0.75𝑚𝑇 3% 
7 𝑚𝑖  𝑘𝑖 𝑐𝑖 0.5𝑚𝑇 2% 
8 𝑚𝑖  0.5𝑘𝑖 𝑐𝑖 0.5𝑚𝑇 2% 







   
   
   
Figure 4-3 Effect of stiffness and damping of the TMD on structural response (structural stiffness: ki/2, ki, 2ki) 
(a) (Test3) (b) (Test6) (c) (Test9) 
(d) (Test1) (e) (Test4) (f) (Test7) 




4.2.2 Results and discussion 
As shown in Figure 4-3, three-dimensional graphs are employed to evaluate the effect of the 
properties of the TMD on the response of the main structure. The horizontal axis represents 
the variable stiffness and damping coefficient of the TMD, and the vertical axis is the highest 
displacement amplitude of the tenth storey. The structural response is at the lowest level when 
the TMD is optimally tuned, as explained above in Section 2.3.3. However, after varying the 
structural stiffness, the structural response is changed significantly, e.g. in the comparison 
between Figures 4-3 (d) and (a), and between (d) and (g). Therefore, it is important to 
investigate whether the TMD can maintain its effectiveness in the conditions that induce 
changeable main structural stiffness.  
With respect to the mass ratio of 4%, the displacement amplitudes at the lowest point in 
Figures 4-3 (a), (d) and (g) (Test 3, 1 and 2) are presented by the blue bars in Figure 4-4 (a), 
and the corresponding stiffness and damping coefficient of the TMD at the lowest point are 
shown by the blue and yellow dots, respectively. In order to maintain the displacement 
amplitude at the lowest level, it is observed that the stiffness and damping of the TMD require 
adjustment corresponding to the changes that occur in the main structure. In the scenario 
where the structural stiffness increases because of repairing or strengthening, the stiffness 
and damping of the TMD should be increased. However, when the structural stiffness is 
reduced due to damage, material ageing or cracks, the stiffness and damping of the TMD 
should be decreased. The same trend can be found under the conditions where the mass ratio 
is 3% or 2%, as presented in Figures 4-4 (b) and (c).  
However, in terms of conventional passive TMDs, the stiffness and damping of the TMD are 
fixed. With respect to the condition with the mass ratio of 4% after the change of structural 
stiffness in Tests 2 and 3, by tracing the displacement amplitude with the initial stiffness and 
damping of the TMD in Figures 4-3 (g) and (a), it is found that the displacement amplitudes 
are not at the lowest point. The red bars in Figure 4-4 (a) reflect these displacement 
amplitudes without adjusting the TMD in Tests 2 and 3. In Figure 4-4 (a), compared with the 
amplitude achieved by adjusting the TMD, the displacement amplitude without adjustment 
is significantly high when the main structural stiffness decreases, and that amplitude is also 




properties can effectively reduce the structural response caused by off-tuning. The same trend 
can also be observed in the scenarios with the mass ratios of 3% and 2% (Figures 4-4 (b) and 
(c)). Thus, the theoretical study reveals the effectiveness and importance of semi-active 
control in the applications of TMDs. 
As shown in Figure 4-3, when the main structural stiffness and mass ratio grow together, the 
effect of the characteristics of the TMD becomes weak, and in most situations, there are 
relatively small responses in the main structure. Therefore, less adjustment is required on the 
TMD, e.g. 4% mass ratio and 2𝑘𝑖. By contrast, there is only a small area that exhibits less 
response in the condition where there is less mass ratio and less structural stiffness, e.g. 2% 
mass ratio, 𝑘𝑖/2. In this case, the semi-active TMD is crucial. Comparing Figures 4-4 (a), (b) 
and (c) denoting the results with the different mass ratios, in order to reduce the structural 
response, the adjustment of the stiffness and damping of the TMD becomes more intensive 
when the mass ratio is larger. In other words, a TMD with a smaller mass can achieve a 
similar structural response by providing less adjustment. The reason for this can be explained 








where 𝑘𝑇 and 𝑚𝑇 denote the stiffness and mass of TMD and 𝑓𝑇 means the natural frequency 
of TMD. Therefore, semi-active control offers two advantages: (1) the system can function 
effectively with a TMD with smaller mass that provides less adjustment during retuning; (2) 
the requirement for a TMD with smaller mass enables space-saving and lower construction 
costs. Therefore, the use of a semi-active TMD can bring significant benefits in terms of its 
cost effectiveness. 
The semi-active control of a TMD maintains the response of the main structure at a minimal 
level when the initial condition of the main structure is changed. In this scenario, the mass of 
the TMD can be reduced by means of adjustment of the characteristics of the TMD to keep 
the response to a minimum. In other words, the controlled properties of the TMD can 
minimise the displacement of the structure and a TMD with larger mass is not required in 




However, the mass of the TMD cannot be too small, otherwise the performance of the whole 
system could function in a similar manner to a single-DOF system. In practice, the TMD 
mass should be considered with regard to other circumstances such as an earthquake, for 
example, which contains a wide range of frequencies and is dissimilar to harmonic loadings. 
Semi-active control of the TMD should be assessed under various excitations e.g. earthquake 














Figure 4-4 Effect of adjusting the stiffness and damping of the TMD on the structural response with a mass 
ratio of (a) 4%, (b) 3% and (c) 2%  
4.3 Summary 
The study in this chapter established a theoretical model on MATLAB for a 10-storey 
structure with a TMD on its top floor and it was subjected to excitations on the main structure. 
The effect of the variable characteristics of the TMD is presented by three-dimensional 
graphs, which demonstrate the response of the structure with the semi-active TMD. Different 
scenarios were applied in this model in terms of different mass ratios ranging from 2% to 4%, 
as well as variations in the stiffness of the structure. The results found that the stiffness and 
damping of the TMD should be decreased when the main structural stiffness is reduced, and 
when structural stiffness is increased, the stiffness and damping of the TMD should be 
increased. A TMD with variable properties is able to reduce the displacement amplitude of 
the main structure, which reveals the effectiveness of semi-active control. Another finding is 
that a TMD with smaller mass can reduce the structural response to a minimum level with 
less adjustment, therefore requiring less energy supply and providing cost benefits. It is 
important to study how the dynamic properties of TMD can be changed in service, thus to 
achieve an optimal vibration control. As a tool for semi-actively controlling the TMD, the 






Chapter 5 Free vibration of SMA bar in different 
temperatures 
The majority of the content in the chapter has been published in ‘Feasibility of shape memory 
alloy in a tuneable mass damper to reduce excessive in-service vibration’ in the journal of 
‘Structural Control and Health Monitoring’ (Huang et al., 2017b), and another part was 
submitted to the journal of ‘Structural Control and Health Monitoring’ in article 
‘Temperature-controlled adaptive tuned mass damper with shape memory alloy for seismic 
application’ which is under review (Huang et al., 2017a). The permission to use the paper 
(Huang et al., 2017b) can be found in Appendix II. All supporting data are presented in the 
results section. 
In Chapter 4, the importance of semi-active control using TMD is appraised by varying 
stiffness and damping coefficient of TMD system. In Chapter 3, the stability of SMA bars in 
dynamic control system is assessed. Thus it is a potential that SMA can be employed in 
temperature control system in semi-active TMD and provide variable properties. It appears 
from the literature review that damping capacity would decrease while stiffness would rise 
when the temperature increases (Araya et al., 2008; Andrawes and DesRoches, 2007). 
However, some research indicate different effects of temperature on the mechanical 
properties of SMA. These differences may be caused by heating temperature range, phase 
transformation temperature of specimens, material composites and loading conditions. The 
material characteristics under different temperatures require more studies in terms of stiffness 
and damping ratio. Moreover, the effect of temperature on SMA bars with larger size should 
be studied for construction usage. In this study, cooling and heating were conducted, and 
SMA bars were tested to show the temperature effect. 
Cu-Al-Mn SMA is selected to test in this study as copper has much higher thermal 
conductivity compared with other metals (nickel and titanium), which is efficient to keep the 
inner temperature and surface temperature of SMA bar consistent. It is important that copper-
based SMA costs less money, therefore has the potential for civil engineering applications 
regarding to its large demand (Araki et al., 2011; Araki et al., 2012). In addition, the 




comparable mechanical properties were realised with NiTi-based SMAs  (Araki et al., 2015; 
Araki et al., 2011; Araki et al., 2014; Hosseini et al., 2015; Chang et al., 2013).  
To reduce the vibration of a beam and a floor system, TMD can be installed horizontally in 
parallel with the floor or beam using bending SMA. For example, as shown in Figure 5-1, 
the TMD system is able to be space-efficient compared with TMD using tensile components 
and it can be placed between the beams. In this case, SMA bar is pre-stressed by the mass at 
the end. When SMA bar is vertically positioned to reduce the lateral excitations like wind 
and earthquake for the whole structure, SMA is bent without pre-stress. In this chapter, the 
dynamic stiffness and damping of Cu-Al-Mn SMAs are tested under free vibration under 
different temperatures with and without pre-stress. Since these dynamic characteristics may 
vary with the variation of the pre-stressed levels because of phase transformation, the pre-
stress effect is important to be studied.  
 
Figure 5-1 Floor system using tuned mass damper by bending SMA (Huang et al., 2017b) 
5.1 Free vibration of non-pre-stressed SMA bar 
5.1.1 Material and experimental methods 
In this section, Cu-Al-Mn SMA (Cu = 81.9%, Al = 7.4% and Mn = 10.7% by weight) 
provided by Shinko Metal Product Co., LTD, Japan was used. The transformation 
temperatures of this material were determined by DSC (Differential Scanning Calorimetry) 
with the result shown in Figure 5-2. The phase transformation temperatures are determined 
to be  𝑀𝑠 = −9℃, 𝑀𝑓 = −25℃,  𝐴𝑠 = −8℃ and  𝐴𝑓 = 5℃. The dynamic characteristics of 
the SMA-based damper were obtained by free vibration tests under different temperatures 
using the test set-up illustrated in Figure 5-3 (a). The free vibration tests were initiated by 
applying a 10 mm horizontal displacement at the free end causing the SMA bar to bend as 




machined to a thin-sheet shape with the cross section of 3 × 12 mm in order to facilitate the 
vibration uni-directionally, whilst the two ends are designed to be thicker for clamping. The 
effective length is 280 mm.  
 
Figure 5-2 DSC analysis of the SMA sample 
The free vibration tests were carried out at different temperatures: −40, −20, 0, 19, 45, and 
65℃  of which 19℃ represents room temperature. The Tetrafluoroethane sprayings were 
used on the surface of the SMA bar to cool the specimen whilst heating was implemented by 
wrapping energised carbon fibre, and the heating level was controlled by adjusting the 
voltage and current of the DC power supply. The time for cooling to −40 and −20℃ using 
Tetrafluoroethane is about 1-2 seconds. A thermal couple was attached to the surface to 
monitor the current temperature. Although copper-based SMA has high thermal conductivity, 
SMA bar was extra heated and cooled for 2 minutes to let interior temperature reach the 







Figure 5-3 (a) Set-up of single SMA-based damper free vibration tests (drawing not to scale); (b) Cu-Al-Mn 
SMA bar 
5.1.2 Results and discussion 
The natural frequency and equivalent viscous damping ratio can be computed from the 
vibration data. In the analysis, linear-prediction SVD (singular-value decomposition) -based 
Matrix Pencil method (MP), summarised by Zieliński and Duda (2011) and proposed by 
Sarkar and Pereira (1995), was applied to compute the natural frequency and damping ratio. 
The MP approach is a computationally efficient and precise method producing a small 
variance.  
The MP approach aims to deal with the approximation for complex exponentials in the signal. 
The detected signal is modelled as Equation (5.1): 







where 𝑦(𝑘𝑇𝑠) is the noise-contaminated signal, 𝑅𝑖 is the amplitude, 𝑇𝑠 is the sampling period, 
𝑘𝑇𝑠  is the time duration, 𝑛(𝑘𝑇𝑠) represents the noise, and 𝑀 is the estimated number of 










Figure 5-4 (a) Effect of temperature on natural frequency; (b) Effect of temperature on equivalent viscous 
damping ratio and stiffness 
Figure 5-4 summarises the results of the material tests. Figure 5-4 (a) indicates the 
relationship between natural frequency and temperature. When the temperature rises, the 
natural frequency increases. In fact, the change of the natural frequency presents the change 












where 𝑓 implies the natural frequency, and 𝑘  and 𝑚  denote the stiffness and mass, 
respectively. In Figure 5-4 (b), it is clearly shown that the stiffness of the material increases 
significantly with the increase of temperature in the range -20 to 0℃, which is in agreement 
with the phase transformation temperatures, which are in the range -25 to 5℃ (Figure 5-2). 
The similar phenomenon has been observed in the literature that the stiffness of the material 
is heavily influenced by the temperature in the phase transformation range (Strnadel et al., 
1995; Shaw and Kyriakides, 1995). Figure 5-4 (b) also illustrates that the equivalent viscous 
damping ratio significantly decreases with increasing temperature where the variation is 
much larger when exposed to cooling than heating. This can be explained by the larger area 
of hysteresis when the phase approaches martensite. From the test results in Shaw and 
Kyriakides (1995), the dissipated energy of one loading cycle of the SMA becomes higher in 
the shape memory effect in comparison to the superelasticity.  
5.1.3 Summary of the free vibration tests of the non-pre-stressed SMA bar  
A single SMA-based TMD was characterised at different temperatures without pre-stress. 
The results show that the stiffness increases and the equivalent viscous damping ratio 
decreases with rising temperature from -40℃ to 65℃. Cu-Al-Mn SMA is most sensitive 
between −20℃ and 0℃ when the in-service temperature is around the phase transformation 
temperature. Therefore, the in-service temperature close to phase transformation can lead to 
larger temperature effect on dynamic characteristics of SMA. 
5.2 Free vibration of pre-stressed SMA bar 
5.2.1 Materials and methods 
A superelastic Cu-Al-Mn (Cu = 81.9%, Al = 7.4% and Mn = 10.7% by weight)  bar with a 
diameter of 12 mm and length of 125 mm was used in this study, which was provided by 
Furukawa Techno Material Co., Ltd., Japan. The phase transformation temperatures 
are Ms = −63℃, Mf = −81℃, As = −67℃ and Af = −53℃, so superelastic deformation 
occurs at room temperature. The SMA used is a polycrystalline material and the grain size is 




dimension of 10×3 mm2 and the effective length for vibration was set to be 50 mm as shown 






Figure 5-5 (a) Cu-Al-Mn SMA vibration sample; (b) SMA free vibration test set-up (Huang et al., 2017b) 
The SMA sample was tested as a cantilever beam under free vibration as shown in Figure 5-
5 (b).  A constant force of about 14 N was applied to the cantilever beam by hanging a steel 




was removed. The acceleration was measured by an accelerometer attached to the cantilever 
beam at a sampling rate of 100 Hz for a duration of one minute.  
The experimental tests were conducted under different pre-stressed levels in order to examine 
the sensitivity to temperature under different pre-loading conditions. The pre-stressed levels 
were set by the weights fastened through the hole on the steel block (Figure 5-5 (b)). Different 
loads have been selected as 13.1 N, 21.7 N, 35.7 N and 52.7 N to provide different pre-
stressed levels of 79 MPa, 131 MPa, 216 MPa and 319 MPa at the end of effective zone on 
the clamping side. The pre-stressed levels present the maximum stress (at the location of the 
surface) calculated using the product of the bending moment and the distance from the neutral 
axis divided by the area moment of inertia. These loads lead to corresponding strain values 
of 0.30%, 0.47%, 1.21% and 3.04%. The strain values were tested by strain gauge at the 
location where the pre-stress values are calculated, and the static loading strain-stress curve 
can be estimated in Figure 5-6. From Figure 5-6, the transformation strain is at about 1%, 
which has also been found in materials characterisation in section 3.2. It can be observed that 
the pre-stressed levels at 216 MPa and 319 MPa can induce nonlinear deformation and SMA 
is under stress-induced transformation from austenite to martensite.  
In each pre-stressed level, the SMA beam was tested under free vibration at a wide range of 
temperatures (11℃, 17℃, 21℃, 50℃, 80℃ and 120℃). To reach 11℃ and 17℃, the SMA 
beam was cooled down by surrounding ice cubes. SMA was heated by wrapping energised 
carbon fibre. The high-temperature levels can be controlled and stabilised by adjusting 
voltage and current controlled by a DC power supply. During the cooling/heating, the surface 
temperature was measured by an infra-red thermometer. Even though copper-based SMA has 
high thermal conductivity, 2-minute extra heating and cooling were done to make sure the 
inner temperature reaches expected value. Under each pre-stressed testing condition and 






Figure 5-6 Static strain-stress graph of SMA cantilever beam (Huang et al., 2017b) 
5.2.2 Results 
The data recorded was analysed to obtain the natural frequency and damping ratio. The 



















Figure 5-7 Normalised free vibration response at pre-stress level of 216 MPa in first 4 seconds (a) at 11℃; 
(b) at 80℃ (Huang et al., 2017b) 
Figure 5-7 shows the free vibration at the pre-stress level of 216 MPa in first 4 seconds in 
comparison between 11℃ and 80℃ which are the two temperatures considered reasonable 
in the applications. For comparison, the acceleration data in Figure 5-7 (a) are normalised to 
0.29 and those in Figure 5-7 (b) are normalised to 0.86. It can be observed that the vibration 
frequency is higher at 80℃, and the damping is higher at 11℃. The effects of the temperature 
on the natural frequency of the SMA cantilever beam at pre-stressed level of 216 MPa are 
presented in Figure 5-8. From the tests, the natural frequency increases with the increase in 
the working temperature. By summarising the effects of the temperature and pre-stressed 
levels on the natural frequency of the SMA cantilever beam, it is observed that the natural 
frequency decreases with the increase in the pre-stressed levels. On the other hand, the natural 
frequency of the SMA beam shows higher dependency on the pre-stressed levels than on the 
temperature, which implies that changing the mass attached to the beam is a more efficient 
way to adjust the natural frequency. The equivalent stiffness depends on temperature and pre-
stress levels. The stiffness increases with the increase of temperature (Figure 5-9) and 
decrease of pre-stressed level. In the tests, it is found the stiffness of SMA beam with pre-
stressed levels of 79 MPa and 131 MPa increased by 10.7% and 17.3% when the working 






highly sensitive to temperature and the stiffness can be influenced by temperature 
significantly at higher pre-stressed levels. However, for the higher stress level of 319 MPa 
the change is not significant because stiffness increases when the SMA is cooled down to 
11℃. This behaviour can be explained by the fact that SMA may have deformed in the 
martensitic elastic state. As presented by Gencturk et al. (2014), after loading to 6% strain, 
Cu-Al-Mn SMA is in martensitic elastic state and the stiffness starts to increase.  
 
Figure 5-8 Effect of temperature on the natural frequency of SMA cantilever beam at pre-stress level of 
216MPa (Huang et al., 2017b) 
 
Figure 5-9 Effect of temperature on the equivalent stiffness of SMA cantilever beam at pre-stress level of 






Figure 5-10 Effect of temperature on the damping ratio of SMA cantilever beam at pre-stress level of 
216MPa (Huang et al., 2017b) 
In Figure 5-10, the damping ratio is higher at lower temperatures. From the testing results, it 
is also observed that a higher pre-stressed level can dissipate more energy since the SMA 
deforms in the nonlinear range. Under 216 MPa pre-stressed level, the damping ratio can be 
changed most significantly, from 1.84% at 11℃ to 0.20% at 120℃ as shown in Figure 5-10. 
When the SMA is cooled down, the transformation stress can be lowered, and the SMA can 
be easily transformed to martensite. This test shows that the SMA is more sensitive to 
temperature when the pre-stress level is near the phase transformation starting stress due to 
the fact that the deformation can be transformed easily between linear and nonlinear ranges 
by changing the temperature.  
5.2.3 Discussion  
Previous research has shown the same trend as observed in this study; higher temperature 
leads to higher stiffness and lower damping capacity. However, higher temperature above 
the range of this test could result in an increase in both damping ratio and stiffness (Shaw 
and Kyriakides, 1995; Duerig, 1990).  
Torra et al. (2004) reported that temperature affects the stiffness and damping of both copper-
based SMA and NiTi-based SMA but that the dependency differs, and this can also be 
evidenced by works from Strnadel et al. (1995) and Araya et al. (2008). The rate which 
describes the relationship between temperature and stress is called the Clausius-Clapeyron 




is 6 times more than that of the Cu-Al-Be. Niitsu et al. (2011) indicated that the C-C slope 
for Cu-Al-Mn SMA was 2.7 MPa/℃ in their tests, and Nemat-Nasser et al. (2005) estimated 
the NiTi SMA C-C slope was 6 MPa/℃. Therefore, it can be concluded that the growth of 
transformation stress leading to increasing in stiffness, with temperature of NiTi-based SMA 
is larger than that of copper-based SMA. For precise adjustment using temperature, if the C-
C slope is large, it is difficult to adjust to the target stress exactly, as the high precision of 
temperature control was difficult to achieve. In this case, copper-based SMA is more 
appropriate than NiTi. However, for the purpose of increasing the stress by a large margin 
within a short time, NiTi exhibits a better performance. Copper-based SMA and NiTi SMA 
can therefore play different roles in active control. Moreover, how to develop a system to 
control temperature via heating and cooling will be the next step.  
The results of dynamic characteristics are calculated from a free vibration generated by a 
specific initial force, and the initial force is selected based on the measurement range of 
accelerometer and tools in the lab. It is important to bring out that stiffness values and 
damping values are amplitude-dependent, especially damping depends on the hysteresis. The 
damping ratio (ξ) has the relationship as seen in the equation: ξ = ΔW/(4πW), in which ΔW 
is the dissipated energy, and W is the equivalent elastic strain energy (Priestley et al., 1996). 
Therefore, stiffness and damping values are changeable with the hysteretic curve and the 
specific values should be further studied in real time in order to determine the amplitude 
dependence. In this test, the dynamic characteristics are averaged values from a one-minute 
free decaying wave including different amplitudes.   
It is worth noting that the stiffness are higher in pre-stressed tests than that in non-pre-stress 
tests, and it is because the effective length of SMA bar is shorter in pre-stress test and the 
composites of SMA are different in two tests. The difference of damping ratio in these two 
tests may also be caused by the dimensions and the chemical compositions. The damping 
ratio under 0℃ in non-pre-stress tests is extremely high, which is due to the fact that austenite 
has been transformed to martensite at ambient temperature. 
5.2.4 Summary of the free vibration tests of the pre-stressed SMA bar 
To apply SMA in structural in-service vibration reduction systems, the effect of temperature 




was tested. The dynamic characteristics, such as stiffness and damping of Cu-Al-Mn SMA, 
were characterised by free vibration tests under different pre-stressed levels and 
temperatures. With the increase of temperature up to 120℃, the damping ratio decreases and 
stiffness increases. When the SMA is cooled down to 11℃ , the damping ratio can be 
increased while the stiffness is reduced. The influence of temperature change is most 
sensitive when the pre-stressed level is near the transformation stress at 216 MPa for the 
studied case.  
5.3 Summary 
In this chapter, Cu-Al-Mn SMA bars are characterised by free vibration under different 
temperature with and without pre-stress. The dynamic characteristics including stiffness and 
damping ratio are analysed using the free vibration response. When the SMA is horizontally 
placed and pre-stressed, stiffness decreases and damping ratio increases with increasing pre-
stress level. It is found SMA is most sensitive to temperature when the pre-stress level is 
around the transformation stress. The common behaviour between conditions of pre-stress 
and non-pre-stress is that stiffness increases and damping ratio decreases with higher 
temperature. It is notable the dynamic properties are sensitive to temperature change when 
the in-service temperature is near the phase transformation temperature range. Therefore, the 












Chapter 6 Feasibility of SMA in a semi-active TMD to 
reduce excessive free vibration 
The content of this chapter has been published in ‘Feasibility of shape memory alloy in a 
tuneable mass damper to reduce excessive in-service vibration’ in the journal of ‘Structural 
Control and Health Monitoring’ (Huang et al., 2017b). The permission to use this paper can 
be found in Appendix II. All supporting data are presented in the results section. 
SMA, therefore, is able to exhibit different deformation forms through adjusting temperature 
states. SMAs are developed in semi-active control in which the physical or mechanical 
properties are changed by an external actuation. Liang and Rogers (1997) heated NiTi SMA 
springs by a power supply and observed the variation in the spring constant, enabling the 
system to control the vibration. Williams et al. (2002) used SMA in a tuned mass damper 
attached to a cantilever beam. By changing the stiffness of SMA using different heating 
combinations, it was observed that the vibration can be attenuated for several discrete 
frequencies. Rustighi et al. (2005) developed a semi-active tuned mass damper system and 
found that temperature control of SMAs can control the frequencies of the damper within a 
limited range. The aforementioned temperature active control approach using SMA was 
developed so as to reduce the machine-induced vibration with a specific known frequency to 
be tuned; however, in a building structure, the in-service vibration often involves a wide 
range of frequencies.  
Structural in-service vibration is a common behaviour which can be excited by both natural 
and human factors. Excessive floor vibration is an important serviceability issue generally 
caused by human activities like dancing and walking or the utilisation of machinery, 
especially when more economical construction materials and more light-weight elements are 
employed in timber engineering (Weckendorf, 2009; Hu et al., 2001; Smith, 2003). The 
vibration amplitude is much higher when the frequency of periodic forces is equivalent to the 
structural frequency, i.e. resonance occurs. To mitigate the vibration, TMD installed on the 
floor systems served as an energy dissipater is studied (Webster and Vaicaitis, 1992; Setareh 
and Hanson, 1992; Setareh et al., 2007), above all, designing less bulky damper still needs 
more research. It is worth noting bending SMA is space-efficient compared with using tensile 




implemented. This chapter aims to assess the feasibility of Cu-Al-Mn SMA-based TMD in 
reducing excessive free vibration of floor system by varying stiffness and damping, and a 
cantilever beam system modelling floor system with TMD is built and tested.  
6.1 Materials and experimental methods 
The most effective way to resolve the issue of off-tuning of a TMD system could be to change 
the mass of the system. However, this is not always easy, particularly when the system is 
already installed. To demonstrate the potential of change in working temperature of the TMD 
employing SMA beam for semi-active control, this study uses a Cu-Al-Mn SMA beam with 
a mass attached as the TMD to reduce the vibration of a SDOF system, and as shown in 
Figure 6-1 a cantilever beam system is built. A cantilever beam made of mild steel with a 
section of 100×10 mm2 and 520 mm in length was designed with an adjustable mass attached 
to the free end. Another cantilever beam made of Cu-Al-Mn SMA with a section of 10×3 
mm2 and effective length of 50 mm was used as the TMD. The Cu-Al-Mn SMA bar is the 
same bar which is characterised under different temperature in section 5.2. The chemical 
compositions of Cu-Al-Mn are Cu = 81.9%, Al = 7.4% and Mn = 10.7% by weight, and the 
phase transformation temperatures are  Ms = −63℃, Mf = −81℃, As = −67℃ and  Af =
−53℃, so superelastic deformation occurs at room temperature. According to section 5.2, 
when the pre-stress level is close to the transformation stress, the effect of temperature is 
most strong. In Figure 6-1, the mass attached to the SMA cantilever beam (𝑚2) is 3.6 kg, 
which can pre-stress the SMA around the phase transformation stress. At first, a mass of 1.4 
kg was hung at the end of the steel beam using string and the free vibration was triggered by 
cutting off the string. The resulting accelerations were measured by accelerometers.  
The experimental sequences and factors are tabulated in Table 6.1. The ambient temperature 
of the laboratory was 21℃, and each test combination was repeated three times to ensure 
consistency of results. In this series of tests, the mass of the TMD does not change and the 
natural frequencies of the TMD system are controlled by a change of working temperature 





Table 6.1 Testing protocol for the cantilever beam-TMD system  
 Main structure TMD 
Test No. m1 (kg)(1) f1 (Hz)(2) T (oC)(3) k2 (N/m)(4) ξ2 (%)(5) m2 (kg)(6) f2 (Hz)(7) 
1 61.6 4.41 - - - - - 
2 61.6  4.41 21 2704.76 0.81 3.6  4.38 
3 71.5 4.02 - - - - - 
4 71.5 4.02 21 2704.76 0.81 3.6 4.38 
5 71.5 4.02 11 2282.19 1.84 3.6 4.03 
6 54.1 4.74 - - - - - 
7 54.1 4.74 21 2704.76 0.81 3.6 4.38 
8 54.1 4.74 120 3192.96 0.20 3.6 4.76 
(1) mass attached to the steel cantilever beam 
(2) natural frequency of the main structure 
(3) working temperature of the SMA beam 
(4) stiffness of the SMA beam 
(5) equivalent damping ratio of the SMA beam 
(6) mass attached to the SMA beam 







 Figure 6-1 Schematic drawing of the experimental set-up (Huang et al., 2017b) 
In this study, the nearly-optimal condition was applied for tuning TMD, in which nearly-
optimal condition is defined as 𝑘1 𝑚1⁄ = 𝑘2 𝑚2⁄ . Test No. 2 keeps 𝑘1 𝑚1⁄ = 𝑘2 𝑚2⁄ , so the 
TMD system was in nearly-optimised condition. The mass of the main structure was 
increased in Test No. 4, representing the change of use for the main structure; the TMD was 
then off-tuned and became less effective. The SMA beam in TMD was then cooled down to 
11oC to retune the main structure in Test No. 5. The mass in the main structure was then 
reduced to 54.1 kg which leads to the TMD being off-tuned again in Test No. 7, followed by 
the SMA beam being heated to 120oC to retune the main structure in Test No. 8.  
6.2 Results 
From the free decaying data in each test, the damping ratio and natural frequency can be 
computed by using the MP approach described previously. Figure 6-2 presents the 
comparison between the response before and after installing the TMD when 𝑚1 = 61.6 kg. 
In this case, the natural frequency of the damper is tuned to be nearly equal to that of the 
beam so that the response can be significantly reduced at about 4.4 Hz. Two modes appear 
after adding the damper and the highest response is still much lower than the previous, which 










Figure 6-3 Frequency response of cantilever beam without damper, with damper and with temperature 
controlled damper (𝒎𝟏 = 𝟕𝟏. 𝟓 𝒌𝒈) (Huang et al., 2017b) 
Test No. 1 
Test No. 2 
Test No. 3 
Test No. 4 




The results of Tests Nos. 3, 4 and 5 are summarised in Figure 6-3. When the mass of the main 
structure changes, the TMD becomes off-tuned, as shown in Figure 6-3, and the first mode 
of the structure moves to the lower frequency region where there is a spike. When the SMA 
beam in the TMD is cooled down to 11℃, the spectrum magnitude is significantly reduced 
particularly in the first mode.  
Figure 6-4 compares the test response spectra of Tests Nos. 6, 7 and 8, where the mass of the 
main structure was decreased to 54.1 kg and the natural frequency of the main structure 
without the TMD was increased to 4.74 Hz. The system with the original TMD (Test No. 7) 
appears to be off-tuned; Test No. 8 represents the response of the whole system with the 
TMD being heated to 120℃. As shown in Figure 6-4, the response can be reduced in the 
range between 4.3 Hz and 5.6 Hz, but the response in the first and second modes is even 
increased. The reason is that the damping capacity of the SMA at 120℃ is low. For vibration 
reduction through heating the SMA, only a narrow frequency band near the structural 
resonance frequency can be controlled. To control a broader frequency band, it is less 
appropriate to increase the temperature of SMA due to the fact that SMA would not provide 
enhanced damping. 
 
Figure 6-4 Frequency response of the cantilever beam without damper, with damper and with temperature 
controlled damper (𝒎𝟏 = 𝟓𝟒. 𝟏 𝒌𝒈) (Huang et al., 2017b) 
Test No. 6 
Test No. 7 





Williams et al. (2002) reported that to control the vibration by using TMD, the excitation 
frequency is discrete and should be known in advance. However, for applications in buildings 
during in-service vibration, the excitation frequency is in a wide range. The vibration 
reduction should be effective in a wider frequency band around the natural frequency of the 
structure. 
Increasing the working temperature of SMA can lead to higher stiffness but lower damping 
ratio, which is effective to control the vibration in a narrow range, e.g. the vibration induced 
by machines. The target for optimisation, in this case for building structural applications, is 
that both stiffness and damping ratio be increased so as to keep the response small. If the 
elements connected with the mass are in parallel and their motions have the same 
displacement and velocity, their stiffness and damping coefficient can be added together as 
in (Meirovitch, 2001): 
𝐾 = 𝐾1 + 𝐾2 + ⋯ + 𝐾𝑛 (6.1) 
𝐶 = 𝐶1 + 𝐶2 + ⋯ + 𝐶𝑛 (6.2) 
𝐾 and 𝐶 represent the total stiffness and damping coefficient of the SMA damper, 𝐾𝑖 and 𝐶𝑖 
imply the corresponding properties in each element. The temperature adjustment on the SMA 
can be a combination and there could be a number of SMA elements in parallel, in which 
some are cooled down and some are heated up. Through the adjustment process, 𝐾  can 
control the natural frequency of the TMD near the optimal value in order to increase 
resonance, while 𝐶 is able to provide as much damping as a possibility to reduce the highest 
amplitude in the first and second modes. There will be a future research direction for SMA 
heating/cooling combinations. In terms of losing damping while heating, supplementary 
damping device and materials can be installed in the TMD system for keeping damping 
coefficient at a satisfactory level. The adaptive damping devices as reviewed in Chapter 2 
can collaborate with the TMD developed in this study.  
As this study aims to reduce the vibration for floor and beam system, the cantilever beam 




and one of them is the mass ratio between the mass of TMD and the mass of floor, as the 
supplementary mass cannot be too heavy and the floor carrying capacity has to be assured. 
Another limitation is the relative motion of TMD, and it should be restricted in a safety range 
to protect the floor (Connor et al., 2014). In the practical application to floor system, the size 
of SMA beam may need to be larger compared with the model in the laboratory, therefore 
SMA properties such as stiffness, damping ratio and heat-transfer capacity should be 
concerned after scaling. The stiffness of SMA beam should meet the requirement that its 
natural frequency is able to tune the natural frequency of the primary structure. The damping 
ratio can be improved by increasing the number of SMA elements in parallel like 
aforementioned SMA combinations. As the heating is from the surface to the inside, for the 
larger size, higher electrical power may need in order to fully heat. To achieve precise control, 
the heating time will be estimated by simulation corresponding to the actual size. 
Self-heating of SMA is an issue in dynamic applications (Dolce and Cardone, 2001; Shaw 
and Kyriakides, 1995), and is commonly due to the latent heat during phase transformation 
(Soul et al., 2010). The extra heat from self-heating influences the shape of the hysteresis 
loops thus changes the fracture level of SMA. With regard to the timber floor application, the 
free vibration is common. Therefore, the solution to reduce the self-heating is to increase 
more damping so as to dissipate more energy, attenuate the vibration faster and reduce the 
cyclic deformations of SMA. In further SMA-based TMD design, the damping of SMA 
should be considered to be improved, for instance, multiple SMA elements can be employed 
in parallel. 
6.4 Summary 
This chapter studies the feasibility of a TMD system using bending SMA. The dynamic 
characteristics, such as stiffness and damping of Cu-Al-Mn SMA can be adjusted under 
different temperatures. The floor vibration system was idealised as a 2-DOF model, and the 
feasibility was tested using a cantilever beam. SMA was used as a means for stiffness and 
damping adjustment in TMD added on a cantilever beam, and at first, this TMD was in the 
near optimal condition capable of tuning the natural frequency of the beam. After increasing 
the mass clamped on the beam to disturb the tuning status, the vibration response increased, 




natural frequency can be effectively tuned. When the mass on the cantilever beam is reduced, 
heating SMA can minimise the response at a narrow frequency band near the resonance 
frequency. It is not appropriate to reduce the response for a wider frequency range due to 
decreasing damping in the SMA. In future research, an optimisation needs to be studied 
regarding this case. The approach for increasing the damping coefficient of SMA-based TMD 
by installing supplementary damping device and materials should be applied and studied 
based on Test No. 6, 7 and 8. Also, both cooling and heating can operate on a number of 
SMA elements and, after combination, an effective tuning frequency and enough damping 









































Chapter 7 Application I: Application to a steel structure 
subject to earthquake conditions – shaking table tests 
The content of this chapter has been written as an academic paper ‘Temperature-controlled 
adaptive tuned mass damper with shape memory alloy for seismic application’ and submitted 
to the journal ‘Structural Control and Health Monitoring’ where it is under review (Huang et 
al., 2017a). All supporting data are presented in the results section. 
One of the disadvantages of TMDs is that they can easily become off-tuned when the natural 
frequency of the main structure changes (Nagarajaiah and Sonmez, 2007). Situations can 
arise whereby the mass of the structure increases or decreases, e.g. owing to changes in 
building occupancy. Furthermore, the structure can experience stiffness decay, e.g. owing to 
inelastic or damaged response (Xue et al., 2009; Brincker et al., 2004). The off-tuning 
phenomenon could ultimately degrade the behaviours of the TMD and increase the structural 
response (Huang et al., 2017b). As a result of these potential drawbacks, it is important to 
develop a TMD with adaptive dynamic characteristics. Previous studies have shown that it is 
possible to adjust the spring stiffness 𝑘2 and damping coefficient 𝑐2 in the TMD in order to 
return it to the tuned condition (Weber et al., 2011; Nagarajaiah, 2009; Hrovat et al., 1983; 
Ginder et al., 2001).  
Shape memory alloys (SMAs) can provide adjustable dynamic characteristics owing to their 
particular thermomechanical properties. By controlling the in-service temperature, SMA-
based TMDs have been developed in the mechanical engineering domain. The feasibility 
study in Chapter 6 investigated the application of SMA-based TMDs in the civil engineering 
sector to reduce structural in-service vibration, such as free vibration. When a structure is 
off-tuned by changing the mass of the main structure, the damper can be retuned effectively 
through SMA temperature control and, consequently, the structural response can be reduced 
(Huang et al., 2017b).  
TMDs have been extensively studied to assess their effectiveness under the influence of 
earthquake inputs (Sladek and Klingner, 1983; Poh'sie et al., 2016; Hoang et al., 2008). It is 
equally important to test the performance of SMA-based TMDs under seismic excitations. 




a wider frequency range. Thus, the effectiveness of the SMA retuning ability should be 
examined. In the last chapter and in our previous study (Huang et al., 2017b), the feasibility 
of implementing a pre-stressed SMA-based TMD to reduce the off-tune-induced vibration of 
a cantilever beam has been assessed. In this chapter, the performance of a steel framed 
structure mounted with a SMA-based TMD and placed on a shaking table is experimentally 
examined. Because earthquakes exert lateral excitations, the SMA is positioned vertically 
without pre-stress. By varying the structural mass to cause off-tuning problems, the aim is to 
reduce the resulting excessive vibration by heating/cooling of the SMA-based TMD.  
7.1 Methodology 
The study in this chapter follows the below path: 
 The natural frequency of the main structure is tested by free vibration, which is 
initiated by a step displacement using a shaking table. Thus, the optimal parameters 
of the TMD can be calculated. 
 The seismic response of the main structure is tested under earthquake excitations 
using a shaking table. The resulting performance in the conditions without TMD, 
with tuned TMD and with off-tuned TMD are all assessed. The off-tuning is caused 
by varying the main structural mass. 
 In the case where the TMD is off-tuned, retuning is achieved by adjusting the 
temperature of the SMA. Consequently, the seismic response is examined.  
7.2 Materials 
In this chapter, the SMA bar is not pre-stressed, because SMA bars in TMDs are vertically 
placed in order to reduce seismic response. The non-pre-stressed SMA bar characterised in 
Section 5.1 is applied in this model. The chemical compositions are Cu = 81.9%, Al = 7.4% 
and Mn = 10.7% by weight. The phase transformation temperatures were tested by 
differential scanning calorimetry analysis, which revealed  𝑀𝑠 = −9℃, 𝑀𝑓 = −25℃,  𝐴𝑠 =
−8℃ and 𝐴𝑓 = 5℃. The DSC graph is illustrated in Figure 5-2. Therefore, in laboratory 
room temperature, the SMA behaves superelastically. The effect of the working temperature 




Chapter 5, the natural frequency of this SMA bar at room temperature (19℃) is 1.68 Hz and 
the damping ratio is 0.99%. 
7.3 Free vibration tests of the main structural system  
To characterise the dynamic properties of the main structure and to assess the feasibility of 
the TMD design, a reduced-scale steel frame was constructed as the main structure. In this 
section, the characteristics of the steel frame structure determined from the free vibration 
tests on a shaking table are discussed. 
7.3.1 Set-up of the main structure: a steel structure system 
The design of the reduced-scale steel framed structure is shown in Figures 7-1 (a) and (b). 
The steel structure is 1.2 m high and 0.6 m wide, while the dimensions of the slab are 0.6 
m × 0.6 m. The column bases were welded to the shaking table with rigid joints. Figure 7-1 
(c) reveals the beam-column connection in detail, where three steel springs are placed in 
parallel to provide the rotational stiffness. Therefore, the beam-column connections can be 
modelled as rotational springs. To reduce the excessive vibration in the horizontal direction 
perpendicular to the seismic excitation, cross bracings were added to each storey, as shown 
in Figure 7-1 (b). Steel plates were utilised to represent the slabs of the structure which, after 
examination, were determined to be of sufficient stiffness to model them as rigid diaphragms. 
A supplementary steel block was added to simulate the mass of the floor, to allow for 

































Figure 7-1 (a) Dimensions of the steel frame; (b) Photograph of the steel frame during testing; (c) Beam-
column connection of the steel frame  
 
7.3.2 Free vibration tests 
The natural frequency of the steel frame was characterised by free vibration initiated by a 
step displacement of 5 mm, provided by the shaking table. Two accelerators were screwed to 
each floor in order to measure the acceleration with a sampling rate of 100 Hz for a duration 
of 60 seconds. The natural frequency and damping ratio were calculated from the time 
domain results using the linear-prediction singular-value decomposition-based matrix pencil 
(MP) method. For an added mass of 30 kg, the natural frequency of the frame is 1.78 Hz, 
whilst the semi-active TMD in this study has the natural frequency of 1.68 Hz. For the 
remainder of the tests, the masses added to the system were 10, 25, 35 and 45 kg, respectively. 
The natural frequencies of the steel framed structure with different added mass are tabulated 
in Table 7.1.  
In order for a TMD to be effective, its natural frequency should be approximate to that of the 
main structure, which enables the TMD to resonate out-of-phase with the main structure. In 
this regard, several researchers have contributed to the optimisation of TMD design 
(Warburton, 1982; Sadek et al., 1997; Tsai and Lin, 1993; Den Hartog, 1956). In this study, 
the design of the TMD is based on the equations proposed by Warburton (Warburton, 1982), 










𝜇(1 − 𝜇 4⁄ )
4(1 + 𝜇)(1 − 𝜇 2⁄ )
 
(7.2) 
where 𝑓𝑜𝑝𝑡 is the optimal frequency ratio between the natural frequency of the TMD and that 
of the main structure, 𝜉𝑜𝑝𝑡 is the optimal damping ratio of the TMD, and 𝜇 is the mass ratio 
between the mass of the TMD and that of the main structure. Using this analytical model, 
when the main structure has a natural frequency of 1.78 Hz, the natural frequency of the TMD 
should be approximately 1.66 Hz, which is close to the measured result of 1.68 Hz, as 
mentioned above. In terms of the estimated damping ratio 𝜉𝑜𝑝𝑡 for each scenario, they were 
all determined to be higher than the measured damping ratio of the SMA-based damper in 
Figure 5-4 (b). Therefore, the damping ratio of the TMD in this study is not optimally 
designed.  
Table 7.1 Natural frequency and damping ratio of the steel frame structure measured by free vibration 







7.4 Performance of the structure with an off-tuned TMD in shaking table tests 
7.4.1 Methods 
The tested Cu-Al-Mn-SMA-based TMD in Section 5.1 was applied to the steel framed 
structure, with the installation illustrated in Figure 7-2. The top of the SMA bar was clamped 




Therefore, the stiffness and damping of the TMD contributed to the main structure through 









Figure 7-2 Installation of the TMD on the steel frame and shaking table tests set-up: (a) dimensions; (b) 
photograph taken during the shaking table tests 
 
Table 7.2 Basic information of the three used earthquake signals  
Earthquake Station name Magnitude Focal depth 
[km] 
Date Location 
Alkion KORINTHOS- OTE 
BUILDING 
6.8 10 24 Feb, 
1981 
Greece 
Northridge Canoga Park- 
Topanga Can 
6.9 19 17 Jan, 
1994 
USA 
Kalamata KALAMATA- OTE 
BUILDING 













Figure 7-3 Utilised earthquake input signals of (a) Alkion, (b) Northridge and (c) Kalamata 
Dominant frequency: 3.06 Hz 
Dominant frequency: 1.64 Hz 




In this section, the performance of the steel frame with and without the TMD excited by 
seismic waves was studied, and the off-tuned performance caused by varying the added mass 
was investigated. Three earthquake signals were used for input, namely Alkion, Northridge 
and Kalamata. The basic information of these records is presented in Table 7.2. There are 
two reasons for selecting these three earthquake signals for testing. The first reason is that 
the signal input into the shaking table cannot exceed 30 seconds as a result of the input limit 
of the actuator. Therefore, three short earthquake signals are selected. The selection is also 
based on the duration of the intensive vibration. In the Northridge earthquake signal shown 
in Figure 7-3 (b), there are more cycles at a high amplitude; namely the earthquake involves 
a more intensive vibration. In comparison, the Alkion earthquake shown in Figure 7-3 (a) 
contains a less intensive vibration. In the Kalamata earthquake in Figure 7-3 (c), there are 
only a few intensive vibrations in first 10 seconds, and the amplitude is minimal in the last 
20 seconds. As a result of the amplitude limits of the shaking table, it was necessary to scale 
the earthquake waves to 0.125g, which is shown in Figure 7-3. The dominant frequencies are 
2.33, 1.64 and 3.06 Hz for Alkion, Northridge and Kalamata earthquake, respectively. The 
steel framed structure was tested in the conditions with and without the TMD with the added 














Table 7.3 Testing programme of the off-tune runs for 60 sec. duration using the three earthquake signals 
Test number* Mass added to top floor [kg] TMD presence 
1, 2 and 3 10 Without TMD 
4, 5 and 6 With TMD 
7, 8 and 9 25 Without TMD 
10, 11 and 12 With TMD 
13, 14 and 15 30 Without TMD 
16, 17 and 18 With TMD 
19, 20 and 21 35 Without TMD 
22, 23 and 24 With TMD 
25, 26 and 27 45 Without TMD 
28, 29 and 30 With TMD 
*The order of the test numbers corresponds to the application of Alkion, Northridge and 
Kalamata records. 
7.4.2 Results and discussion 
The structural response can be effectively reduced using the TMD with added mass of 30 kg. 
From Figure 7-4, it can be observed that the structural response with the TMD under 
earthquake excitation was suppressed to approximately half of that without the TMD. 
However, after the first 20 sec., the structural response in Test 16 was relatively larger than 
that in Test 13 at several time instances, as shown in Figure 7-4 (a). This can be explained by 
the suboptimal damping capacity of the TMD in this study, as mentioned above, which is 




the free vibration of the TMD was not attenuated sufficiently quickly, causing excessive 










Figure 7-4 Comparison of the structural response at the top floor with and without TMD excited by (a) 
Alkion, (b) Northridge and (c) Kalamata 
To assess the structural response, the peak acceleration and root mean square (RMS) 
acceleration at the top floor of each test were tested and the results are presented in Tables 
7.4 and 7.5, respectively. From Table 7.4, it is observed that, when the TMD is applied, the 
smallest peak acceleration was obtained for the condition with an added mass of 30 kg under 
Alkion and Northridge excitations (Tests 16 and 17). Under the Kalamata excitation, the 
smallest peak acceleration was obtained in the scenario when a mass of 45 kg was added to 
the frame (Test 30), rather than the optimum design case for the TMD (Test 18). This is 
because the natural frequency of the structure with added mass of 45 kg differed from the 
dominant frequency of the earthquake, as also presented in Test 27, where the peak 
acceleration was much smaller than that from the remainder of the tests. It is notable, except 
for Test 30, that the peak acceleration of Test 18 was smaller than that in Tests 12 and 24. 
From Table 7.4, it can be observed that the condition where the TMD is applied can 
effectively reduce the peak structural response under earthquake conditions. In other words, 
once the main structural mass was changed to an off-tuned state, the peak acceleration 
increased. 






(𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑑𝑎𝑚𝑝𝑒𝑟 − 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑡ℎ 𝑑𝑎𝑚𝑝𝑒𝑟)











Peak accelerations for mass added to top floor [kg] (Test #) 





3.196 (4) 1.645 (10) 1.461 (16) 1.527 (22) 1.991 (28) 
Without 
damper 
2.934 (1) 1.895 (7) 2.216 (13) 2.047 (19) 1.696 (25) 





3.136 (5) 2.402 (11) 2.084 (17) 2.227 (23) 2.412 (29) 
Without 
damper 
2.814 (2) 5.373 (8) 3.851 (14) 3.531 (20) 3.339 (26) 




3.521 (6) 2.068 (12) 2.028 (18) 2.041 (24) 1.786 (30) 
Without 
damper 
4.651 (3) 3.806 (9) 3.882 (15) 3.541 (21) 2.505 (27) 




Table 7.5 RMS acceleration (gal) 
 
Thus, when the reduction percentage is positive, it implies that the TMD played an effective 
role and successfully reduced the structural response. The results in Table 7.4 demonstrate 
that the TMD can reduce the structural response in the range of 34.09% to 47.77% at the 
tuned condition. However, if the reduction percentage is negative, it reveals that the structural 
response was increased by using the TMD. With the added masses of 10 kg and 45 kg under 
Alkion excitation and with the added mass of 10 kg under Northridge excitation, the 
structural response was increased by up to 17.42% by using the TMD. Thus, the TMD was 
not effective and ultimately caused negative consequences. This observation implies that the 
Earthquake TMD presence  
Peak accelerations for mass added to top floor [kg] (Test #) 
10 25 30 35 45 
Alkion 
 
With damper  58.8 (4) 34.4 (10) 27.7 (16) 24.2 (22) 38.3 (28) 
Without 
damper 
55.0 (1) 30.2 (7) 42.7 (13) 41.2 (19) 29.1 (25) 
Reduction -6.91% -13.91% 35.13% 41.26% -31.62% 
Northridge 
 
With damper  54.9 (5) 39.1 (11) 38.2 (17) 42.0 (23) 39.4 (29) 
Without 
damper 
58.9 (2) 97.8 (8) 72.6 (14) 58.1 (20) 45.4 (26) 
Reduction 6.79% 60.02% 47.38% 27.71% 13.22% 
Kalamata 
With damper  46.7 (6) 33.9 (12) 34.4 (18) 36.5 (24) 29.8 (30) 
Without 
damper 
56.3 (3) 64.5 (9) 58.5 (15) 49.5 (21) 49.3 (27) 




TMD is off-tuned, which instigates an increased structural response and presents significant 
risks to the structure when subjected to earthquake conditions.  
Data from Tests 16, 17 and 18 in Table 7.5 demonstrates that the RMS accelerations were 
reduced to minimal levels through application of the TMD at a tuned condition (added mass 
= 30 kg) under all three earthquake excitations. When the structure was excited under 
Northridge earthquake conditions in Test 17, the RMS acceleration was lowest when using 
the TMD at the tuned condition, illustrating the effectiveness with an overall decrease of the 
structural response after using the TMD. When the structure was excited under Alkion and 
Kalamata earthquake excitations, the RMS accelerations were at their lowest under 35 kg and 
45 kg added mass conditions, respectively. This is attributed to the fact that the TMD in this 
study was not designed to have an optimal damping ratio and its damping ratio was lower 
than the theoretical design value. The low damping of the TMD could result in excessive 
vibration, which may degrade the effectiveness of the TMD in free vibration. Thus, the low 
damping of the TMD influenced the RMS results. 
7.5 Retuned TMD by changing the SMA temperature under seismic excitations 
Considering the particular thermomechanical properties of SMAs, the natural frequency and 
damping ratio of a SMA-based TMD can be adjusted by modifying the temperature. In this 
section, a SMA-based TMD is employed in a steel framed structure in order to reduce the 
excessive structural seismic response caused by off-tuned conditions. 
7.5.1 Methods 
The tuned condition of a system can be preserved when the mass of the main structure 
increases by decreasing the stiffness of the TMD. Conversely, when the mass of the main 
structure decreases, the stiffness of the TMD should increase. According to Equations (7.1) 
and (7.2), when the added mass is changed to 25 kg and 45 kg, the theoretically estimated 
natural frequency of the TMD in each case should be 1.713 Hz and 1.464 Hz, respectively. 
To achieve these estimated natural frequencies of 1.464 Hz and 1.713 Hz, the SMA should 
be cooled to approximately -25℃ and heated to approximately 65℃,  as inferred from Figure 
5-4 (a). The testing programme of the steel frame in this case is documented in Table 7.6, 




to those discussed in the previous section. As shown in Table 7.4, the peak acceleration with 
added mass of 45 kg in Test 30 was low. Thus, under seismic excitations equivalent to the 
Kalamata earthquake, the added mass was increased to 35 kg in order to off-tune the TMD, 
as indicated in Table 7.6.  
 
Table 7.6 Testing programme of the retuning runs for 60 sec. duration using the three earthquake signals 
Test number* Mass added to top floor [kg] TMD conditions 
31, 32 and 33 Increase mass to 45 kg 
(Alkion & Northridge) or 35 
kg (Kalamata) 
Decrease temperature to -20℃ 
34, 35 and 36 Decrease temperature to -40℃ 
37, 38 and 39 
Decrease mass to 25 kg 
Increase temperature to 45℃ 
40, 41 and 42 Increase temperature to 65℃ 














Table 7.7 Changes of the peak and RMS accelerations after increasing the added mass on the main structure 
Earthquake Acceleration 




45 for Alkion & Northridge 
and 35 for Kalamata 
Alkion 
Peak [m/s2] 1.461 (16) 1.991 (28) 36.32% 
RMS [gal] 27.7 (16) 38.3 (28) 38.27% 
Northridge 
 
Peak [m/s2] 2.084 (17) 2.412 (29) 15.72% 
RMS [gal] 38.2 (17) 39.4 (29) 3.14% 
Kalamata 
 
Peak [m/s2] 2.028 (18) 2.041 (24) 0.66% 
RMS [gal] 34.4 (18) 36.5 (24) 6.10% 
 
7.5.2 Retuning the TMD when the structural mass increases 
Before analysing the effect of temperature control of the SMA-based TMD, the problems 
caused by increasing the structural response due to increasing the mass of the main structure 
should be highlighted. In Table 7.7, the peak and RMS accelerations at the top floor are 
presented. The percentage increases of the structural response by increasing the mass are 
36.32% in the peak acceleration and 38.27% in the RMS acceleration under the Alkion 
earthquake excitation.  
To reduce the increasing vibration, SMA cooling was conducted in order to retune the TMD. 
After cooling the SMA to -20℃ and -40℃, as shown in Figure 7-5, the structural response at 
the top floor was effectively reduced. Moreover, the vibration can be attenuated more 
efficiently when compared with the system without temperature control. In Table 7.8, it is 




35.51%, respectively. Under the excitations of the Northridge earthquake, the peak 
acceleration using the cooling SMA-based TMD can be controlled to 1.885m/s2, which is 
lower than the result of 2.084 m/s2 for the tuned condition. The RMS acceleration was also 
reduced to a lower level by cooling the TMD than the tuned condition. This can be explained 
by the fact that cooling the SMA results in increased damping, which reduces the excessive 
free vibration of the TMD. In summary, the results show that retuning the TMD by cooling 



















Table 7.8 The structural response with added mass of 45 kg (Alkion and Northridge) and 35 kg (Kalamata) 
after re-tuning the TMD by cooling the SMA 
Earthquake TMD Temperature [℃] Test # Acceleration Reduction 
   Peak [m/s
2]  
Alkion 
-40 34 1.524 23.45% 
-20 31 1.514 23.98% 
19 28 1.991 Reference 
  RMS [gal]  
-40 34 24.7 35.51% 
-20 31 25.0 34.73% 
19 28 38.3 Reference 
   Peak [m/s2]  
Northridge 
-40 35 1.975 18.11% 
-20 32 1.885 21.85% 
19 29 2.412 Reference 
  RMS [gal]  
-40 35 35.6 9.64% 
-20 32 35.2 10.66% 
19 29 39.4 Reference 
   Peak [m/s2]  
Kalamata 
-40 36 2.038 0.14% 
-20 33 2.067 -1.29% 
19 24 2.041 Reference 
  RMS [gal]  
-40 36 26.8 26.58% 
-20 33 34.6 5.20% 









Figure 7-5 Comparison of the structural response at the top floor with TMD between 19℃ & -20℃ with 
added mass of 45 kg and excited by (a) Alkion and (b) Northridge 
 
7.5.3 Retuning the TMD when the structural mass decreases 
When the main structural mass decreases, the TMD becomes off-tuned and the structural 
response tends to be larger. As seen in Table 7.9, the peak and RMS accelerations measured 
from the top floor indicate that the peak acceleration increases by 12.60% and its RMS 





Table 7.9 Changes in the peak and RMS accelerations after decreasing the added mass on the main structure 
Earthquake Acceleration 
Accelerations for mass added to top 




Peak [m/s2] 1.461 (16) 1.645 (10) 12.60% 
RMS [gal] 27.7 (16) 34.4 (10) 24.19% 
Northridge 
 
Peak [m/s2] 2.084 (17) 2.402 (11) 15.26% 
RMS [gal] 38.2 (17) 39.1 (11) 2.36% 
Kalamata 
 
Peak [m/s2] 2.028 (18) 2.068 (12) 1.98% 
RMS [gal] 34.4 (18) 33.9 (12) -1.45% 
 
The temperature of the SMA was increased to 45℃ and 65℃ in order to retune the TMD. 
Figure 7-6 describes the main structural response at the top floor. It is observed that the 
vibration was not reduced and even increased in some instances after heating the SMA to 
65℃. From the assessment using the peak and RMS accelerations shown in Table 7.10, in 
most cases, these accelerations increased by raising the SMA temperature. Therefore, the 
effectiveness of retuning by heating the SMA is limited, and there are two principle 
explanations for this performance.  
According to Figure 5-4 (b), the equivalent viscous damping ratio of the SMA reduces by 
increasing the temperature, and this damping loss can increase the free vibration. Furthermore, 
the variation of the SMA stiffness at a temperature greater than 19℃ is low, which provides 









Figure 7-6 Comparison of the structural response at the top floor with a TMD between 19oC & -65oC with 










Table 7.10 The structural response with added mass of 25 kg after re-tuning the TMD by heating the SMA  
Earthquake TMD Temperature [℃] Test # Acceleration Reduction 
   Peak [m/s
2]  
Alkion 
65 40 1.856 -12.82% 
45 37 1.738 -5.67% 
19 10 1.645 Reference 
  RMS [gal]  
65 40 36.6 4.44% 
45 37 36.2 5.48% 
19 10 38.3 Reference 
   Peak [m/s2]  
Northridge 
65 41 2.576 -7.21% 
45 38 2.565 -6.78% 
19 11 2.402 Reference 
  RMS [gal]  
65 41 47.5 -21.48% 
45 38 46.4 -18.67% 
19 11 39.1 Reference 
   Peak [m/s2]  
Kalamata 
65 42 2.481 -19.99% 
45 39 2.418 -16.92% 
19 12 2.068 Reference 
  RMS [gal]  
65 42 42.2 -24.48% 
45 39 39.7 -17.11% 




7.5.4 Discussion and future extensions 
Increasing the working temperature of SMA causes a reduction of the damping ratio. Through 
the analysis of the results from Chapter 6, it can be deduced that increasing the SMA 
temperature to retune the TMD with the main structure can only be effective at a narrow 
frequency range. This system could be utilised in mechanical engineering applications in 
order to reduce machine-induced vibrations. However, in terms of their applications in 
earthquake engineering, TMDs are required to be effective in a broad range of frequencies. 
Optimisation of the SMA-based TMD can be achieved by employing more than one SMA 
bar, as discussed by Williams et al. (2002). According to the theory illustrated by Meirovitch 
(2001), when multiple SMA bars are applied together in parallel, the stiffness and damping 
can be combined. This configuration allows for heating and cooling of different bars within 
the system concurrently. Thus, both stiffness and damping can be controlled. In other words, 
by combining multiple bars when the natural frequency of the TMD is tuned, the damping 
ratio can be adjusted to a satisfactory level. This control theory will be investigated in further 
studies.  
It is important to note that, when the working temperature of the SMA is greater than 19℃, 
the sensitivity of the stiffness and damping ratio to temperature is low, as illustrated in Figure 
5-4 (b). Therefore, the capacity of retuning the TMD using heating becomes limited. Because 
the retuning capacity is based on the temperature control capacity on the SMA, in this study, 
the retuning capacity is tested by reducing the main structural mass by 16% and increasing 
main structural mass by 50%. From the studies in Chapter 5, the sensitivity of the SMA to 
temperature is significant as it approaches the phase transformation temperature. If the phase 
transformation temperature of the SMA can be adjusted to the higher temperature, the 
sensitivity at this increased temperature can be achieved. In order to increase the sensitivity 
of the SMA under heating, the feasibility of applying SMAs with higher phase transformation 
temperatures to TMDs can be analysed in further studies. Furthermore, to enhance the 
damping ratio of the SMA under heating, the damping devices and materials can be installed 
in parallel with the SMA for supplementary damping. Moreover, an adaptive damping device 
can adjust the damping coefficient to a nearly optimal level, and this also should be studied 




With regard to the application of SMAs, stabilisation should be considered. The damping 
ratio and stiffness of the SMA are not stable and are expected to decrease gradually in the 
early loading cycles (Eggeler et al., 2004; Soul et al., 2010; Miyazaki et al., 1986; Dolce and 
Cardone, 2001; Kawaguchi et al., 1991; Choi et al., 2010; Khan et al., 2013). This could 
influence the accuracy of the intended structural control. Pre-training of the SMA should be 
conducted by static cyclic loading before use, so as to stabilise the obtained dynamic 
properties. 
It is important to investigate how a real structure determines when retuning is required. For 
example, a structural control system with sensors can be developed in future studies. These 
sensors could measure the structural response and report to a computer controlling system in 
cases of frequency shift. Through analysis of the frequency shift, the optimum temperature 
required is returned to the SMA components from the controlling system, which 
consequently enables adjustments to the optimal parameters of the TMD through heating and 
cooling. Thermocouples should be applied on SMAs in order to measure the temperature and 
provide feedback to the controller for continuous heating or cooling. For seismic applications, 
the algorithms of the controlling system should be simplified to enable rapid response in 
cases of high-frequency loadings, all of which requires further investigation. 
For applying this TMD in order to reduce the seismic vibration, the temperature control on 
the SMA should be rapid. However, the temperature control methods studied in this chapter 
employ the laboratory scale, and could not be effective for a large-size SMA in real structural 
applications. The reason is that the thermal conduction from the surface to the inside could 
be slow in a large scale and the incomplete heating or cooling can influence the retuning 
effect. In order to overcome the problem, further studies ought to explore two additional 
methods. The first method is that the single SMA element can be replaced by several smaller-
sized SMA elements in parallel. Therefore, the temperature control on the SMA can be eased 
by reducing the scale. The second method involves applying a multi-TMD system for the 
seismic control. The multi-TMD system contains multiple TMDs, which can be located in 
different floors or the same floor of the structure. The mass of the single TMD can be 
distributed to multiple small TMDs, for example the mass of a multi-TMD can be reduced to 




2009). It is also a way to reduce the scale for the SMA temperature control. Moreover, the 
multi-TMD system can increase the effectiveness of the TMD in order to reduce the vibration 
in a wider frequency band and is beneficial for the reduction of seismic vibration.  
7.6 Summary 
In order to reduce the excessive vibration caused by an off-tuned TMD under earthquake 
excitations, SMA was applied to retune the TMD using temperature control. A steel framed 
structure was designed such that the TMD can be tuned, and the non-pre-stressed SMA-based 
TMD developed in Section 5.1 was installed. Consequently, the structure was tested on a 
shaking table under three separate earthquake excitations. At the tuned condition, the 
structural response can be effectively reduced with the TMD. To break the tuned condition, 
the mass added on the steel structure was varied. Subsequently, it was found that the peak 
and RMS accelerations were increased. Following this, the retuning programme was 
conducted and revealed that, when the added mass on the main structure increased and the 
semi-active TMD was subjected to cooling, this resulted in a decrease in the stiffness and 
natural frequency. The presented results demonstrate that the peak and RMS accelerations 
can be effectively reduced by up to 23.98% and 35.51%, respectively, under the excitation 
of earthquakes. When the structural mass was decreased, SMA heating was conducted in 
order to retune the TMD. While the RMS acceleration was reduced in one scenario, in all 
other situations, the effectiveness of heating the SMA-based TMD was limited. This is 
attributed to the fact that the damping reduces while heating and the variations of the dynamic 
properties are small at a temperature greater than 19℃. To improve the retuning potential of 
using SMA heating, the approach of increasing the damping ratio of SMA bars should be 
































Chapter 8 Application II: Application to a steel structure 
subject to wind action – shaking table tests 
The content of the chapter has been compiled as part of an academic paper ‘Re-tuning an off-
tuned tuned mass damper by adjusting temperature of shape memory alloy: exposed to wind 
action’ and has been submitted to the journal ‘Engineering Structures’, where it is under 
review (Huang and Chang, 2017b). All supporting data are presented in the results section. 
TMDs have been applied to control wind-induced vibration from the early stages of their 
development. To assess the performance of TMD under wind action, theoretical simulation 
is mostly used. In this study, an experimental approach is developed, in which shaking table 
is used to simulate the wind action. Therefore, a theory of simulating wind action by shaking 
table is needed, so as to examine the effectiveness of TMD under wind.  
Previous studies have determined that semi-active TMDs can be more effective compared 
with conventional passive TMDs in reducing wind-induced vibration, since semi-active 
TMDs are capable of retuning the primary structural frequency in cases of error or change 
(Nagarajaiah and Sonmez, 2007). The effectiveness of a semi-active TMD in reducing wind-
induced structural response has been studied. For example, Yang et al. investigated the 
performance of a semi-active magnetorheological TMD in a 76-storey building under wind 
loading, and considered it to be beneficial (Yang et al., 2001). Nagarajaiah and Varadarajan 
developed a semi-active variable stiffness TMD in order to reduce the response of wind-
excited tall buildings (Nagarajaiah and Varadarajan, 2005). Kang et al. used a semi-active 
TMD, in which both damping and stiffness could be variable, and the results demonstrated 
that their model was successful in effectively controlling the vibration of a tall building 
subject to wind loading (Kang et al., 2011).  
With regard to the free vibration tests of SMA-based TMDs in our feasibility study, the 
vibration can be controlled by varying the natural frequency. The temperature control 
principle on SMA is mechanically simple, and the SMA has a superior self-centring capacity 
that enables it to avoid residual deformation. It is important that the effectiveness of the SMA-
based TMD be examined under wind excitation, as the wind exerts forces in a wider 




based semi-active TMD was designed, tested, and then applied to a steel framed structure 
subject to wind loading. By changing the supplementary mass on the main structure to 
instigate off-tuned situations, the retuning ability of the SMA-based TMD was assessed by 
adjusting the working temperature. The aim of temperature control using SMA, therefore, is 
to reduce the excessive vibration caused by off-tuning. 
8.1 Methodology 
In this chapter, the SMA-based TMD and the steel framed structure utilised in Chapter 7 
continue to be employed for the purposes of the study. Thus, the research in this chapter 
follows the path below: 
 The wind action is generated and transformed into ground motion in order to be 
applied through the shaking table. 
 The performance of the steel frame structure without TMD, with optimally designed 
TMD and with off-tuned TMD are examined under wind action. 
 The off-tuned TMD is retuned by heating/cooling the SMA, followed by an 
assessment of the response of the structure subject to wind action. 
8.2 Wind input generation 
To assess the effectiveness of the SMA-based TMD subject to wind excitation, the method 
utilised to simulate the wind action is illustrated in this section. In this study, a shaking table 
test is applied, which represents an approach for modelling wind excitation.  
8.2.1 Generation of fluctuating wind force time history  
The wind action on a structure can be categorised into average wind and fluctuating wind. 
The wind speed and direction of the average wind are constant over time, and it is dependent 
on the altitude. Fluctuating wind speed time history is a zero-mean Gaussian stochastic 
process and is characterised by the power spectrum and correlation functions. In this study, 
the wind action is modelled by fluctuating wind time history. The autoregressive models (AR) 
method is applied to this study for the purpose of generating fluctuating wind. Wind speed 









where 𝑝 is AR model order, Δ𝑡 is the length of the time step, Ψ𝑘 is the regression coefficient 
matrix for the AR model, 𝑘 = 1, 2, ⋯ , 𝑝 and 𝑁(𝑡) is the independent random process vector. 
Furthermore, Ψ𝑘 can be derived from Equation (8.2): 
𝑅𝑣(𝑗∆𝑡) = ∑ 𝑅𝑣[(𝑗 − 𝑘)∆𝑡]Ψ𝑘
𝑝
𝑘=1
, 𝑗 = 1,2, ⋯ 𝑝 
(8.2) 
where 𝑅𝑣(𝑗∆𝑡) is correlation matrix, and it is expressed in Equation (8.3) 





In this study, the Davenport power spectrum 𝑆𝑣(𝑓)  (Davenport, 1961) is used for 
characterising the stochastic behaviours of fluctuating wind speed, which can be expressed 
by Equation (8.4):  






where 𝑆𝑣(𝑓) describes the fluctuating wind velocity spectrum. 𝑣10̅̅ ̅̅  is the mean wind velocity 
at an altitude of 10 meters, 𝑋 =
1200𝑓
𝑣10̅̅ ̅̅ ̅
, 𝑓 is the frequency, and 𝐾 is the surface resistance 
coefficient. Through the derivations in Equation (8.2), (8.3) and (8.4), 𝛹𝑘 can be computed. 
To acquire 𝑁(𝑡): 
𝑁(𝑡) = 𝐿𝑛(𝑡) (8.5) 
𝑛(𝑡) is a normal random process vector and the members in 𝑛(𝑡) are independent of each 
other. The mean value of 𝑛(𝑡) is 0, and the variance is 1. If the wind speed time history is 
required for M points in the space coordinates, 𝐿 would be an M-triangle matrix, which can 
be decomposed from the M-matrix 𝑅𝑁 by Cholesky decomposition, as shown in Equation 











The time history of the fluctuating wind speed 𝑉(𝑡) calculated by the theory demonstrated 
above is shown in Figure 8-3. The relationship between fluctuating wind pressure and 




𝜌[2𝑣(𝑧)̅̅ ̅̅ ̅̅ 𝑉(𝑧, 𝑡) + 𝑉2(𝑧, 𝑡)] 
(8.8) 
where 𝑣(𝑧)̅̅ ̅̅ ̅̅  is the mean wind speed at a height of z and 𝜌 is the air density. 𝑤(𝑧, 𝑡) is the 
wind pressure at the height of z. Therefore, the wind force can be calculated by Equation 
(8.9), where the Area represents the area on the structure subject to wind action.  
𝐹(𝑡) = 𝑤(𝑧, 𝑡) × 𝐴𝑟𝑒𝑎 (8.9) 
8.2.2 Derivation from wind force to ground motion 
In this study, the wind motion acting on the structure is modelled by means of inputting 
ground motion using a shaking table. This is illustrated in Figure 8-1 (a) and (b), which 
present a forced vibration system and a base-excited vibration system of a single-degree-of-
freedom model, respectively. The dynamic characterisations of forced vibration and base-
excited vibration can be described by Equations (8.10) and (8.11), respectively. By equating 
the structural displacement x in these two systems, the ground motion z in Figure 8-1 (b) can 
be derived by the force F in Figure 8-1 (a).  
𝑚?̈? = 𝐹 − 𝑘𝑥 − 𝑐?̇? (8.10) 
𝑚?̈? = 𝑘𝑧 − 𝑘𝑥 + 𝑐?̇? − 𝑐?̇? (8.11) 
Through a combination of Equation (8.10) and (8.11), the ground motion 𝑧(𝑛)  can be 
computed by applying the steps in the flow diagram shown in Figure 8-2. In Figure 8-2, 𝑛 
implies the serial number of each time step, and 𝑁 is the total number of time steps. Figure 




fluctuating wind speed time history shown in Figure 8-3, which will be used to model the 
fluctuating wind action applied via shaking table in the next section.  
  
(a) (b) 







Figure 8-2 Flow diagram for calculating ground motion to model wind action 
 
 






Figure 8-4 Ground motion modelling the wind action 
8.3 Material of SMA and dynamic characterisation of main structure 
The SMA applied in this model corresponds to the alloy that was utilised in Chapter 7, which 
is Cu-Al-Mn SMA (Cu = 81.9%, Al = 7.4% and Mn = 10.7% by weight). The transformation 
temperatures are  𝑀𝑠 = −9℃, 𝑀𝑓 = −25℃,  𝐴𝑠 = −8℃ and 𝐴𝑓 = 5℃. As wind action is a 
lateral loading, the SMA bar is vertically installed in TMD and is therefore non-pre-stressed. 
The steel framed structure is the same structure tested in Chapter 7 (Figure 7-1), and the 
natural frequency of the steel frame is 1.78 Hz when the added mass at the top floor is 30 kg. 
The natural frequency of this SMA-based TMD at room temperature (19℃) is 1.68 Hz, which 
is approximate to the expected value of 1.66 Hz calculated by Equation (7.1). 
8.4 Performance of the structure with an off-tuned TMD subject to wind 
excitation 
By varying the mass added on the structure, the natural frequency of the structure would be 
modified and, as a consequence, the TMD could become off-tuned. In this section, the 
structural response caused by TMD off-tuning under wind excitation is assessed. 
8.4.1 Methods 
As shown in Figure 7-2, the non-pre-stressed SMA-based TMD was installed on the steel 
framed structure vertically. The upper section of the SMA bar was rigidly fixed to the second 
floor and thus, the stiffness and damping capacity of the TMD were provided by the bending 




using the shaking table. The measurement of acceleration was conducted by accelerometers 
at a sampling rate of 100 Hz. The testing programme is revealed in Table 8.1. 
Table 8.1 Testing programme of off-tune 
Test number Mass added on 






Ground motion input 
1 10kg Without 
TMD 
30 Wind excitation 
2 With TMD 30 Wind excitation 
3 25kg Without 
TMD 
30 Wind excitation 
4 With TMD 30 Wind excitation 
5 30kg Without 
TMD 
30 Wind excitation 
6 With TMD 30 Wind excitation 
7 35kg Without 
TMD 
30 Wind excitation 
8 With TMD 30 Wind excitation 
9 45kg Without 
TMD 
30 Wind excitation 







8.4.2 Results and discussion 
Figure 8-5 shows the acceleration experienced at the top floor measured from Test Nos. 1-
10, and a comparison of the structural responses of the conditions with and without the TMD. 
It can be observed that the structural response under wind excitation can be reduced by 
installing the TMD when the added mass is 25, 30 and 35 kg. However, the structural 
response actually increased with 10 and 45 kg added mass after installation of the TMD. 
According to Figures 8-5 (a) and (e), the off-tuning of the TMD induces a greater structural 
response.  
The root mean square (RMS) acceleration for each test is shown in Table 8.2. The reduction 
percentage in Table 8.2 indicates the proportion of the structural response reduced by 
installing the TMD. When the added mass is 30 kg, the RMS acceleration is the smallest, and 
the reduction percentage is 30.89%, which indicates that the TMD is approaching its most 
effective status. This can be explained with reference to the optimal design of TMDs where, 
if the added mass is 30 kg, the design of the natural frequency of the TMD is near optimal, 
according to Warburton (1982)’s design theory. In that condition, the TMD is capable of 
vibrating out of phase with the main structure, thus more energy can be dissipated. However, 
analysis of the off-tuned conditions reveals that the RMS acceleration becomes larger.  
Table 8.2 RMS acceleration [gal] (Test #) 
 
 
Added mass on top floor 
(kg) 
10 25 30 35 45 
With damper  53.0 (2) 33.0 (4) 27.3 (6) 27.4 (8) 30.6 (10) 
Without damper 47.7 (1) 46.4 (3) 39.5 (5) 31.4 (7) 28.2 (9) 




















Figure 8-5 Structural response with and without TMD under wind excitation when added mass is (a) 10kg; 
(b) 25kg; (c) 30kg; (d) 35kg and (e) 45kg 
 
8.5 Retuning the TMD by changing the SMA temperature under wind 
excitations 
Analysis of the scenarios with an off-tuned TMD demonstrated in Section 8.4 reveal that, by 
increasing the added mass from 30 kg to 45 kg, the RMS acceleration was increased by 
12.09%. The RMS acceleration rose 20.88% when the added mass decreased from 30 kg to 
25 kg. It is important to apply temperature control of the SMA for retuning purposes, with 
the aim of reducing the structural response after adjusting the natural frequency. 
8.5.1 Retuning methods 
According to Warburton (1982)’s design theory, when the structural added mass is increased 
to 45 kg from 30 kg, the expected natural frequency of the TMD becomes 1.46 Hz, as opposed 
to 1.66 Hz with 30 kg. In order to retune the main structure, the stiffness of the TMD should 
be decreased by cooling to -25 or -40℃. By implementing this strategy, the natural frequency 
of the TMD can be adjusted to achieve a result that is approximate to the theoretical expected 




of the TMD is 1.71 Hz. The TMD therefore requires heating to 45℃ or 65℃ so as to increase 
the natural frequency of the TMD to approach the expected value. The cooling process is 
conducted by spraying Tetrafluoroethane, whereas heating is implemented by wrapping the 
SMA in energised carbon fibre. The testing programme is detailed in Table 8.3.  
Table 8.3 Testing programme of retuning 
Test 
number 
Mass added on 
the top floor 





11 Increase mass 
to 45kg  
Decrease temperature to 
-20℃ 
30 Wind excitation 
12 Decrease temperature to 
-40℃ 
30 Wind excitation 
13 Decrease mass 
to 25kg 
Increase temperature to 
45℃ 
30 Wind excitation 
14 Increase temperature to 
65℃ 
30 Wind excitation 
 
8.5.2 Results: Retuning the TMD when the structural mass increases to 45 kg 
Figure 8-6 compares the acceleration time history at the top floor at room temperature 
conditions and under cooling. Figures 8-6 (a) and (b) demonstrate that it is feasible to 
effectively attenuate the excessive structural response caused by off-tuning by cooling the 
SMA. It should be noted that the structural response at -40℃ is relatively small compared 
with the response at -20℃. With respect to Table 8.4, the RMS acceleration of 20.0 gal in 
Test 12 is significantly smaller than the corresponding result in Test 10 of 30.6 gal. 
Furthermore, 34.64% of the RMS acceleration was reduced through cooling the SMA to -




There are two reasons behind the effective reduction in structural response by cooling. First, 
the natural frequency of the TMD was retuned to the expected frequency range. Secondly, 
the damping ratio can be increased by cooling and, in particular, rises significantly from -
20℃ to -40℃. As the damping ratio of the SMA-based TMD included in this study was not 
optimally designed and lower than the expected value, the increased damping ratio by cooling 









Figure 8-6 Comparison of the structural response with TMD under the wind excitation (a) at between 19℃ 
and -20℃; (b) at between 19℃ and -40℃ 
 
Table 8.4 The structural response with added mass of 45kg after re-tuning the TMD by cooling the SMA 





-40 12 20.0 34.64% 
-20 11 21.4 30.07% 
19 10 30.6 reference 
 
8.5.3 Results: Retuning the TMD when the structural mass decreases to 25 kg 
Figures 8-7 (a) and (b) present the structural response experienced when the SMA-based 




structural response was not reduced via heating. According to Table 8.5, the RMS 
acceleration was increased by 3.94% when the heating process was conducted on the SMA. 
The results demonstrate that the effectiveness of heating the SMA to retune the TMD is non-
significant. This could be due to the stiffness of the SMA at a temperature greater than 19℃ 
being insensitive to temperature, which in turn provides a smaller variance. Moreover, 








Figure 8-7 Comparison of the structural response with TMD under the wind excitation (a) between 19℃ and 
45℃; (b) between 19℃ and 65℃ 
 
Table 8.5 The structural response with added mass of 25kg after re-tuning the TMD by heating the SMA 





65 14 34.3 -3.94% 
45 13 34.2 -3.64% 
19 4 33.0 reference 
 
8.5.4 Discussion 
The phase transformation temperature range of the SMA applied during this study is from -




20 and -40℃ from 19℃, because the SMA transforms to martensite from austenite. If the 
phase transformation temperature range of the SMA can be adjusted to the higher temperature, 
the effectiveness of the SMA-based TMD for temperature control at a higher temperature 
than 19℃, can be improved. In future studies, SMAs with higher phase transformation 
temperatures should be investigated in terms of their application in semi-active TMDs. 
Regarding the feasibility study in Chapter 6 and the seismic shaking table tests on SMA-
based TMD conducted in Chapter 7, the loss of damping by heating the SMA should be 
considered. The application of multiple SMA bars can be effective in providing an adequate 
damping ratio. In this combined system, separate bars can be heated and cooled concurrently, 
enabling the control of both the natural frequency and the TMD at a nearly optimal designed 
level. This control strategy will be investigated in further studies. 
In applications designed to resist wind-induced vibration, the fatigue life of the SMA is 
particularly important. Therefore, it is essential to study the characteristics of the Cu-Al-Mn 
SMA under small strain level deformation. As indicated in Chapter 3, which analysed a SMA 
bar under dynamic bending, the secant stiffness and equivalent viscous damping ratio tend 
to be smaller in the first 100 cycles in both Cu-Al-Mn and Ni-Ti SMAs. Similar instability 
of SMAs in the initial cycles has been previously studied (Eggeler et al., 2004; Soul et al., 
2010; Khan et al., 2013). The cause of this instability has been attributed to the dislocation 
slip between grains, where the internal stress caused by the slip influences the dynamic 
properties. In order to overcome this problem, Hartl et al. (2010) conducted 100 thermal 
cycles with a constant stress on the SMA and found the transformation strain become 
insensitive to the loading cycles. According to previous studies (Shaw and Kyriakides, 1995; 
Khan et al., 2013; Miyazaki et al., 1986), appropriate annealing treatment can generate stable 
behaviours in the SMA. Moreover, cyclic loading as a form of ‘pre-training’ is also an 
effective method to stabilise the dynamic properties of the SMA. Thus, in future 
investigations on SMA-based TMDs, the stabilisation of the SMA should be considered. 
Under the wind action, to retune the TMD, the RMS acceleration can be reduced by 34.64% 
and 30.07% by cooling SMA to -40℃ and -20℃, respectively. The results show the semi-
active TMD behaves effectively for reducing wind-induced vibration. However, to the 




the ground motions of Alkion and Northridge while the effectiveness is small under the 
excitation of Kalamata. The reason is that wind action is a narrow-band periodic excitation, 
but the characteristics of earthquake are rather random. The effectiveness of TMD is more 
reliable when the excitation is in a relatively narrow band and less random. In further studies, 
the optimisation algorithms of the semi-active control under earthquake excitations should 
be further developed. In the future, the multiple SMA-based semi-active TMDs are required 
to be developed for the structure to improve the effectiveness under excitation frequencies 
distributed over a wider band. To reduce the wind-induced vibration, another benefit of this 
TMD is that the time for temperature control can be longer. However, during the earthquake, 
the fast response for temperature control is highly required.  
8.6 Summary 
In this chapter, SMA was applied to retune an off-tuned TMD to reduce wind-induced 
vibration. The wind excitation in this study was generated through application of the AR 
method and was imposed by ground motion using a shaking table. The results demonstrate 
that the wind-induced vibration of the steel framed structure can be attenuated effectively by 
installing a SMA-based TMD. However, by increasing and decreasing the main structural 
mass to instigate off-tuning, the structural response became larger. The RMS acceleration 
shows an increase of up to 20.88% when the TMD is off-tuned. The effectiveness of cooling 
SMA is significant in terms of retuning the off-tuned TMD, because the stiffness variance is 
large between -25℃ and 5℃ and the damping was increased. However, heating the SMA 
presents limited effectiveness in retuning the TMD, since the stiffness of the SMA is 
insensitive at temperatures greater than 19℃  and damping is reduced. In further studies, 
SMAs with higher phase transformation temperatures will be applied, and the control theory 
for multiple SMA bars as well other approaches will be investigated in order to increase the 






























Chapter 9 Application III: Application to a timber floor 
system – simulation on OPENSEES 
The majority of the content of this chapter has been written to an academic paper ‘Application 
of pre-stressed SMA-based TMD to a timber floor system’ and has been submitted to 
‘Engineering Structures’, and it is under review (Huang and Chang, 2017a). All supporting 
data are presented in the results section. 
Timber floor is a common structural system utilised around the world, as such flooring 
materials can add benefits to construction; for example, they are light-weight, pre-fabricated 
and environmentally friendly because of their carbon storage capacities. However, human 
activities and machine operations can cause excessive vibrations in timber floors. Such 
excessive vibration can lead to building occupants experiencing uncomfortable sensations or 
even feeling anxious, which is a problem that designers should address (Smith and Chui, 
1988; Thelandersson and Larsen, 2003). In order to investigate how to reduce timber floor 
vibration, several studies have examined the design criteria for this type of floor (Smith and 
Chui, 1988; Kalkert et al., 1995; Foschi et al., 1995; Al-Foqaha'a et al., 2001). The traditional 
passive approach requires the floor natural frequency to be higher than 8 Hz, which avoids 
resonance with human-induced vibration and requires less root mean square acceleration 
response. With the development of vibration control techniques, studies on tuned mass 
damper systems have been conducted in order to assess their application in floor systems as 
a more effective vibration reduction approach, with various levels of success (Breukelman 
and Haskett, 2001; Setareh et al., 2007; Baxter and Murray, 2003). 
However, the mass on a floor system always changes, the stiffness of the floor system is 
usually modified owing to ageing or moisture variance, and the damping changes as a result 
of furniture or excitation changes. In such cases, the traditional passive TMD is unable to 
function effectively because of off-tuning (Setareh et al., 2007). Moreover, in civil structures, 
excitations can involve a broad range of frequencies and, once resonance occurs, the 
serviceability of the floor system could be significantly reduced. Installing an active TMD is 
an approach that attenuates the vibration by exerting forces; however, it is considered to be 
expensive and power-consuming, as demonstrated by Connor (2003) and Setareh et al. 




adjustable dynamic parameters and are mechanically simple (Lin et al., 2005; Varadarajan 
and Nagarajaiah, 2004; Sun et al., 2013). The variable properties of the semi-active TMD 
enable it to retune the natural frequency of the main structure, so as to reduce the structural 
response. As illustrated in the feasibility study conducted in Chapter 6, a temperature 
controlled semi-active TMD with pre-stressed SMA bar was studied for timber floor 
applications and was proved to be effective in reducing the response of a timber floor system. 
This chapter continues the study and investigates its application in a real-scale timber floor 
system under various excitations. Based on the results in Chapter 6, the damping ratio of the 
SMA is found to be low and the damping coefficient for the TMD is not optimally designed. 
The study of this chapter is based on a numerical simulation on OPENSEES. In the simulation, 
supplementary damping materials can be modelled to complement the TMD system in order 
to achieve an optimal tuning. 
In this chapter, firstly, the response of the floor system is analysed in the frequency domain 
in order to control the vibrations over a wide range of frequencies owing to the serviceability 
of civil structures; moreover, both machine and human footfall-induced vibrations are taken 
into consideration as inputs to assess the effectiveness in the time domain.  
9.1 Assessment of the semi-active TMD in the frequency domain by free 
vibration 
As explained previously, the variable main structural mass could induce off-tuning in a TMD, 
which means that retuning is required to reduce the vibration. In this section, a timber floor 
is simulated and designed to be off-tuned; the feasibility of a SMA-based semi-active TMD 
in retuning the structure by shifting its natural frequencies is then investigated. A timber floor 
can experience a wide range of excitation frequencies during its service; therefore, the 
response in the frequency domain is analysed initially.  
9.1.1 Materials and method 
A tested timber floor system with SMA-based TMD was modelled on OPENSEES software 
(version 2.5.0). The tested timber floor has plan dimensions of 6 m × 6 m, and the thickness 
is 190 mm, as shown in Figure 9-1. It is fabricated using C24 graded timber; thus, the self-
weight is 2,394 kg, and the elastic modulus of the timber is 11 GPa. The timber floor is a 




ratio of the timber floor (denoted by 𝑐1) is 2%, as is commonly practised (Thelandersson and 
Larsen, 2003; McKenzie and Zhang, 2007). 
In Figure 9-1, the SMA-based TMD is installed in the centroid location, and connected with 
the floor using a rigid steel support. When the floor experiences vibrations, the SMA 
cantilever beams can be bent, and the load is transferred vertically. The SMA bar was 
modelled using superelastic Cu-Al-Mn SMA (Cu = 81.9%, Al = 7.4% and Mn = 10.7% by 
weight), and the mechanical properties were the same as the SMA bar tested in Section 5.2. 
Figure 9-2 shows a comparison between the static tested stress-strain curve (black dot curve) 
and the modelled stress-strain curve on OPENSEES (red curve). The unloading curve on 
OPENSEES was modelled to be self-centring owing to superelasticity, and the damping ratio 
of the material was set as approximately 2% at a strain level of 3%. As seen in Figure 9-1, 
the TMD system includes two SMA cantilever beams on both sides that transfer the force 
vertically and prevent rotational force being exerted on the floor. Each SMA cantilever beam 
is 100 mm long, 48 mm wide and 10 mm thick, and is rigidly clamped onto the steel support. 
The mass attached to the end of the SMA cantilever beam (denoted by 𝑚𝑇) was 110 kg. At 
a room temperature of 21℃, the natural frequency of the SMA cantilever beam (denoted by 
𝑓𝑇) was found to be 8.38 Hz by eigenvalue analysis. It was determined that the mass of 110 
kg attached to the SMA beam can cause a pre-stressed level of 129.5 MPa by measuring the 
stress at the end of the clamping side. Therefore, the temperature effect on the stiffness of the 
SMA can be referred to the experimental results at a pre-stressed level of 131 MPa 
demonstrated in Section 5.2. At a pre-stressed level of 131 MPa, the stiffness can be increased 
by 4.32% under heating to 120℃ and decreased by 11.40% under cooling to 11℃. Therefore, 
in terms of the stiffness variance, the natural frequency of the SMA cantilever beam modelled 
in this section is able to shift from 8.38 Hz to 8.56 Hz by heating to 120℃ and to 7.88 Hz by 
cooling to 11℃. Because the low damping ratio could lead to limited effectiveness, as 
indicated in Chapter 6, 7 and 8, in this simulation, supplementary damping materials were 
modelled to complement the TMD system in order to increase the damping of the SMA 
cantilever beam. The equivalent viscous damping ratio of the TMD system (denoted by 𝑐𝑇)  
was set at 10.9% using Rayleigh damping, which was estimated using the optimal design 





Figure 9-1 Timber floor using tuned mass damper by bending SMA (unit: mm) 
The nearly-optimal condition of the TMD is in accordance with Den Hartog (1956)’s theory 
that the response amplitudes of the first two modes are at the same height in the frequency 
domain. Therefore, the mass designed to be added on the timber floor was 4,209 kg, and the 
total mass of the timber floor (denoted by 𝑚1) including the self-weight was 6,603 kg. These 
loads were uniformly distributed on the floor. Through eigenvalue analysis, the natural 
frequency of the timber floor without TMD (denoted by 𝑓1) was determined to be 8.00 Hz. 
In summary, the nearly-optimally designed dynamic parameters are tabulated in Table 9.1. 
The mass ratio of the timber floor-TMD system is 3.33%, which is in the recommended range 
of 1/50 to 1/15 (Bachmann, 1995).  
 
Figure 9-2 Experimental stress-strain curve tested in Section 5.2 (black dot curve) and OPENSEES modelled 









Table 9.1 Nearly-optimally designed dynamic parameters for main structure and TMD 
Timber floor 𝑓1 8.00 Hz 
𝑚1 6603 kg 
𝑐1 2.00% 
TMD system 𝑓𝑇* 8.38 Hz 
𝑚𝑇* 110 kg 
𝑐𝑇* 10.90% 
Mass ratio  3.33% 
*These parameters are only for one SMA cantilever beam 
The frequency domain analysis was conducted by using 5 seconds of free vibration 
acceleration data. The free vibration was initiated by applying a vertical impulse of 1 kN at 
the centroid of the timber floor, and the acceleration was also measured at this point. The 
testing sequences are tabulated in Table 9.2. Test No.1 demonstrates the vibration response 
without TMD control and Test No. 2 displays the effect of the nearly-optimally designed 
TMD on the structural response. To break the optimal condition, the main structural mass 
was increased by adding 850 kg in Test No. 4; then, the TMD was cooled in order to lower 
the natural frequency in order to retune it to the optimal condition in Test No. 5. Test No. 7 
models the off-tuning by decreasing the structural mass by 150 kg, and Test No. 8 
demonstrates retuning by heating. In this study, the damping ratio of the TMD (𝑐𝑇) remained 








Table 9.2 Testing sequences for the timber floor-TMD system and the corresponding dynamic parameters 
 Main structure TMD 
Test No. m1 (kg)(1) f1 (Hz)(2) T (oC)(3) fT (Hz)(4) mT (kg)(5) cT (%)(6) 
1 6603 8.00 - - - - 
2 6603 8.00 21 8.38 110  10.9 
3 6603+850 7.53 - - - - 
4 6603+850 7.53 21 8.38 110 10.9 
5 6603+850 7.53 11 7.88 110 10.9 
6 6603-150 8.09 - - - - 
7 6603-150 8.09 21 8.38 110 10.9 
8 6603-150 8.09 120 8.56 110 10.9 
(1) total mass of the timber floor system 
(2) natural frequency of the main structure 
(3) working temperature of the SMA beam 
(4) natural frequency of one SMA cantilever beam 
(5) mass attached to the SMA cantilever beam 
(6) equivalent viscous damping ratio of the SMA cantilever beam 
 
9.1.2 Results 
The five seconds of free vibration data in the time domain was transformed to the frequency 
domain via Fast Fourier Transformation (FFT). As presented in Figure 9-3, the structural 
response at the centroid in Test No. 1 and Test No. 2 are shown in the frequency domain. By 
employing the TMD, the structural response can be significantly reduced. The study 
conducted by Setareh et al. (2007) stated that a floor response factor 𝑅 in terms of the highest 
acceleration amplitude 𝑋1 and force amplitude 𝐹0, is defined as: 




This floor response factor 𝑅 reduces the influences of the excitation force and structural mass 
on the vibration. Table 9.3 compares the structural response in terms of maximum 
acceleration amplitude and 𝑅 factor in the frequency domain, and the RMS acceleration in 
the first five seconds in the time domain. In the frequency domain, the highest acceleration 




acceleration can be reduced by 46.4% in the time domain. The results show that the TMD 
system can be effective in controlling the structural response.  
 
Figure 9-3 Frequency response of timber floor system with and without a TMD (𝒎𝟏=6603 kg) 
 
Table 9.3 Comparison between Test No. 1 and Test No. 2 in terms of maximum acceleration amplitude in 







Test No. 1 1879.80 89290.59 0.827 
Test No. 2 530.45 25196.45 0.443 
Reduction 
percentage 





However, when the structural mass increases, the TMD becomes off-tuned and the natural 
frequencies shift towards the higher frequency. This leads to a higher acceleration amplitude, 
as shown in Test No. 4 by Figure 9-4. By cooling the SMA to reduce the stiffness, the retuning 
approach is capable of shifting the natural frequencies back to a lower frequency range, thus 
they can become more effective in controlling the response in the frequency range between 
approximately 2 Hz and 14 Hz. According to Table 9.4, retuning by cooling the SMA can 
reduce the structural response by 26% in the frequency domain and 1.5% in the time domain 
in terms of free vibration. 
With respect to the off-tuning problem caused by decreasing the structural mass, as shown in 
Figure 9-5, the off-tuned condition can lead to a higher acceleration amplitude. As indicated 
in Table 9.5, the maximum amplitude increased from 530.45 in Test No. 2 to 581.70 in Test 
No. 7. By heating the SMA to increase the stiffness of the TMD, the structural natural 
frequencies can be effectively shifted to the higher frequency, thus the amplitude in the 
second mode is lowered. In Table 9.5, one can see that the acceleration amplitude and floor 
response factor 𝑅 can be reduced by 12.9% and the RMS acceleration in the 5-second free 






Figure 9-4 Frequency response of a timber floor system without TMD, with off-tuned TMD and with retuned 














Table 9.4 Comparison between Test No. 2, Test No. 4 and Test No. 5 in terms of maximum acceleration 
amplitude in the frequency domain, R factor and RMS acceleration in the first 5 seconds in the time domain 
 Maximum acceleration 
amplitude in the 




Test No. 2 530.45 25196.45 0.443 
Test No. 4 636.50 35644.07 0.457 




26.0% 26.0% 1.5% 
 
 
Figure 9-5 Frequency response of a timber floor system without TMD, with off-tuned TMD and with retuned 




Table 9.5 Comparison between Test No. 2, Test No. 7 and Test No. 8 in terms of maximum acceleration 
amplitude in frequency domain, R factor and RMS acceleration in the first 5 seconds in the time domain 
 Maximum acceleration 






Test No. 2 530.45 25,196.45 0.443 
Test No. 7 581.70 26,757.97 0.455 




12.9% 12.9% 1.5% 
 
9.1.3 Discussion 
The results in this section concur with the experimental results in the feasibility study of 
Chapter 6, in which a cantilever beam with a pre-stressed SMA-based TMD is tested. The 
temperature control on the SMA can effectively shift the natural frequencies to an optimal 
tuning condition, thus reducing the vibration. In the study of Chapter 6, the damping loss of 
the SMA while heating increased the structural response. In this section of the study, 
additional damping materials were applied to the TMD, and the equivalent viscous damping 
ratio of the TMD system was maintained at a constant satisfactory level. The results show 
that the acceleration amplitude does not increase after SMA heating. Therefore, in future 
applications of SMAs in semi-active TMDs, supplementary damping should be implemented. 
According to the study by Berardengo et al. (2015), eddy currents were utilised in a TMD as 
an additional device that not only provided more damping but also adjusted the damping ratio. 
The device developed by Berardengo et al. (2015) was employed for mechanical applications 
and operated with SMA wires. For civil engineering applications with larger excitation 
amplitudes and wider frequencies, there is potential for further analysis into the possible 




the MR device can increase the damping ratio of TMD from 6% to 70%, and the damping 
ratio of MR device can also be adjusted (Setareh et al., 2007). The application of MR device 
in parallel with SMA could complement the damping loss and provide optimal damping 
control, and it should be studied further.  
The reduction of vibration in this study is predominantly focused on lowering the vibration 
amplitude in a wide range of frequencies. This is because, when timber floors are in service, 
people’s activities and machine-induced vibrations could combine and cause complex 
excitation, even at higher frequencies. However, if there is a single harmonic loading, the 
response at a specific frequency should be considered. For instance, as seen in Figure 9-4, 
when there are harmonic excitations at approximately 7 Hz, the retuning can function 
effectively. However, when the frequency range is between 8 and 9 Hz, the retuning could 
potentially induce larger vibration. Therefore, a control system incorporating a sensor should 
be developed in future studies, which can detect the excitation frequency and avoid resonance 
with that frequency. 
It is important to note that the dimensions of the SMA cantilever beams in this study are 
different from that in the study of Chapter 6, because the SMA size should be larger for a 
real-scale main structure. The effect of temperature on stiffness may be different for different 
sizes of SMA, as the transmission of heat can differ. The variance of the stiffness of SMAs 
under heating and cooling in this study is an estimation based on the results of material 
characterisation in Section 5.2. For practical usage, studies on the effect of temperature 
should focus on the specific size of the SMA component. With the development of heating 
and cooling techniques, faster and more effective temperature control approaches could be 
applied to avoid the variance of the temperature effect. In this study, it is found that, when 
heating SMAs, the stiffness is altered in a small range, because the transformation 
temperatures of the modelled SMA are low at approximately −25 to 5℃. A SMA with 
higher transformation temperatures should be developed in the future in order to increase the 
sensitivity in higher temperature control. 
9.1.4 Summary of the assessment in frequency domain 
In this section, a timber floor system with the SMA-based semi-active TMD was simulated 




structural response can be effectively reduced in a wide range of frequencies. When off-
tuning occurs by changing the main structural mass, the acceleration amplitude increases. To 
retune the main structure, the stiffness of the SMA can be increased or decreased to allow the 
frequency to shift to the optimally designed range through temperature control. After retuning, 
the structural response can be effectively reduced in a wide variety of frequencies under both 
heating and cooling. 
9.2 Reducing machine-induced vibration on timber floor systems by controlling 
the TMD using SMAs – time domain analysis 
With respect to the operational service of a timber floor, its vibration could be strongly 
influenced by machine operations. In cases where the excitation frequency is similar to the 
first and second natural frequencies of the timber floor-TMD system, significant vibration 
could be induced and could potentially threaten the serviceability of the structural 
components. In this section, the timber floor-TMD system model was monitored 
continuously. The vibration reduction strategy in this section is different from that 
demonstrated above. The strategy demonstrated above is to retune the parameters of TMD to 
an optimal range in order to reduce the vibration in a wide frequency band. Under machine-
induced excitation, such as harmonic vibration, shifting the natural frequencies to avoid the 
resonance is more effective and easier. In this section, under different harmonic excitations, 
the strategy of shifting the natural frequencies of the system is investigated by controlling the 
SMA temperature; thus, the aim is to avoid the resonance, and the structural vibration 
response can be reduced. 
9.2.1 Methodology 
The timber floor-TMD system modelled on OPENSEES in the previous section was placed 
continuously and, initially, the parameters were set at the same levels stipulated in Table 9.1. 
When the 𝑓𝑇 was varied by heating the SMA to 120℃ and cooling it to 11℃ and maintaining 
the other parameters at a constant level, the resulting structural response in the frequency 
domain is shown in Figure 9-6. It can be seen that the structural response shifts forwards to 
a lower frequency range through SMA cooling and it shifts towards a higher frequency under 
SMA heating. When comparing these three results, it is important to note that the structural 




and 11 Hz. By heating the SMA, the structural response is lower in the approximate range 
between 8 Hz to 9.5 Hz. For frequencies lower than 7 Hz and frequencies greater than 11 Hz, 
the effects of cooling and heating SMAs on the vibration amplitude are significantly reduced.  
 
Figure 9-6 Frequency response of a timber floor system with TMD (room temperature), with TMD (SMA 
cooling) and with TMD (SMA heating) (𝒎𝟏=6603 kg) 
The frequency range of higher acceleration amplitudes was considered. It was expected that 
adjusting the SMA temperature would reduce machine-induced harmonic vibration at 
different frequencies, ranging from 6 Hz to 11 Hz .The testing sequences are tabulated in 
Table 9.6. According to Figure 9-6, the SMA was cooled to 11℃ in order to reduce the 
vibration when the excitation frequencies were at 7.5 Hz and 10 Hz (Test No. 13 and 17), 
and the SMA was heated to 120℃ with an excitation frequency of 9 Hz (Test No. 15). For 
excitations at 6 Hz and 11 Hz, the temperature control of the SMA could be ineffective; 
therefore, both cooling and heating were conducted to compare the respective performances 
(Test No. 10, 11, 19 and 20). Test No. 9, 12, 14, 16 and 18 were conducted at a room 





Table 9.6 Testing sequences for machined-induced vibration on a timber floor-TMD system and the 
corresponding dynamic parameters 





m1 (kg)(1) f1 (Hz)(2) T (oC)(3) fT (Hz)(4) mT (kg)(5) cT (%)(6) 
9 6 Hz 6603 8.00 21 8.38 110  10.9 
10 6 Hz 6603 8.00 11 7.88 110 10.9 
11 6 Hz 6603 8.00 120 8.56 110 10.9 
12 7.5 Hz 6603 8.00 21 8.38 110 10.9 
13 7.5 Hz 6603 8.00 11 7.88 110 10.9 
14 9 Hz 6603 8.00 21 8.38 110 10.9 
15 9 Hz 6603 8.00 120 8.56 110 10.9 
16 10 Hz 6603 8.00 21 8.38 110 10.9 
17 10 Hz 6603 8.00 11 7.88 110 10.9 
18 11 Hz 6603 8.00 21 8.38 110 10.9 
19 11 Hz 6603 8.00 11 7.88 110 10.9 
20 11 Hz 6603 8.00 120 8.56 110 10.9 
(1) total mass of the timber floor system 
(2) natural frequency of the main structure 
(3) working temperature of the SMA beam 
(4) natural frequency of one SMA cantilever beam 
(5) mass attached to the SMA cantilever beam 
(6) equivalent viscous damping ratio of the SMA cantilever beam 
 
The machine-induced harmonic vibration was input into OPENSEES by a sine wave with an 
amplitude of 1 kN. The loading point was the location of the centroid of the timber floor. For 
each test, the machine-induced harmonic excitation had a duration of 4 seconds, and the 
acceleration was measured at the centroid point for 5 seconds (with 1-second free vibration). 
9.2.2 Results 
Figure 9-7 presents the structural response time history under different excitation frequencies. 
As shown in Figure 9-7 (b) and (d), the structural response can be reduced after cooling the 
SMA, which is correspondent with the response in the frequency domain. Regarding the 




acceleration in time history can be reduced from 1.70 𝑚/𝑠2  to 1.22 𝑚/𝑠2 . This can be 
explained by the natural frequencies shifting towards lower frequency levels and thus, 
resonance with the first natural frequency is prevented. Table 9.7 shows the RMS 
acceleration for 5 seconds of each test and the reduction percentage after applying SMA 
temperature control. By cooling the SMA to alter the natural frequencies, the RMS 
acceleration was reduced by 45.93% in Test No. 13 and by 13.64% in Test No. 17.  
In Figure 9-7 (c), the structural response is attenuated by heating the SMA, i.e. the maximum 
acceleration in time history of 1.83 𝑚/𝑠2 without SMA temperature control (Test No. 14) 
can be reduced to 1.48 𝑚/𝑠2 after heating (Test No. 15). According to the RMS acceleration 
shown in Table 9.7, the vibration reduction can reach 31.23%. When the excitation 
frequencies are at 6 Hz and 11 Hz, the effect of temperature control on the SMA is limited, 
as seen in Figure 9-7 (a) and (e), respectively. The reduction percentage of RMS acceleration 
after heating and cooling cannot be as large as those in Test No. 13, 15 and 17. The 
temperature control method can only be effective in the frequency range that approaches the 
first and second natural frequencies of the system.  
9.2.3 Discussion 
In future applications, a semi-active TMD should be developed that incorporates a detecting 
sensor as well as a control system. If the machine-induced vibration is a harmonic excitation 
at a specific frequency that is close to the system’s natural frequencies, implementation of a 
heating and cooling process on the SMA should be considered. Because the vibration 
amplitude depends on the amplitude of the excitation force, a small force will correspond to 
a small structural response. Therefore, the control system is able to analyse the structural 
response and determine whether the cooling and heating operation should commence. 
Application of a smart control system is expected to reduce the power supply requirements 
for SMA-based semi-active TMDs.  
The frequency shifting capacity while heating is limited because of the low phase 
transformation temperature range. A higher phase temperature range can increase the 
sensitivity of the SMA under heating; thus, a wider range of frequencies can be controlled. 




















Figure 9-7 Structural response under machine-induced harmonic excitations (a) at 6 Hz (b) at 7.5 Hz (c) at 9 















Table 9.7 RMS acceleration  
Test No. Machine-induced 
excitation 
frequency 






9 6 Hz 21 3.2134 - 
10 6 Hz 11 3.2611 -1.48% 
11 6 Hz 120 3.2068 0.21% 
12 7.5 Hz 21 9.0661 - 
13 7.5 Hz 11 4.9021 45.93% 
14 9 Hz 21 9.3717 - 
15 9 Hz 120 6.4446 31.23% 
16 10 Hz 21 8.9484 - 
17 10 Hz 11 7.7274 13.64% 
18 11 Hz 21 5.0975 - 
19 11 Hz 11 4.8873 4.12% 
20 11 Hz 120 5.2083 -2.17% 
 
9.2.4 Summary of reducing machine-induced vibration  
In this section, a timber floor-TMD system was used to reduce the structural response by 
applying temperature control under machine-induced harmonic excitations. The temperature 
control on the SMA can vary the stiffness of the TMD and thus shift the natural frequencies 
to avoid resonance with the excitations. Both heating and cooling of the SMA can effectively 
reduce the response of the timber floor system. However, this control can only be effective 
in the frequency range that is close to the first and second natural frequencies of the system. 
In the future, a detecting sensor and control system should be developed for controlling 
heating/cooling and saving energy in systems that experience machine-induced vibrations. 
9.3 Reducing the running footfall-induced vibration on timber floor systems by 
controlling the TMD using SMA – time domain analysis 
Human-induced vibration on structures is an issue of serviceability and can be a source of 
discomfort for building occupants (Thelandersson and Larsen, 2003). The human activities 
that could occur should be considered in the design of a floor system. In this section, the 
structural response under the excitations caused by footfall is examined. When the TMD 




to assess the vibrations caused by footfall. The retuning approach using SMA heating/cooling 
aims to control the vibrations in off-tuning subject to footfall.  
9.3.1 Methodology 
The timber floor-TMD system shown in Figure 9-1 was put for continuous use. The initial 
parameters for the timber floor and TMD were set to the levels presented in Table 9.1. 
Because the frequency of people walking normally ranges from 1.7-2.3 Hz, which is 
significantly less than the natural frequencies of the timber floor system, the response was 
consequently small. In this section of the study, the footfall of running is considered as the 
excitation frequency. As shown in Figure 9-8 (a), the distance between each running step is 
set to be 600 mm, which means that a person exerts a total of nine steps each time when 
he/she traverses the floor. In Figure 9-8 (b), the force-time history of each running step is 
modelled by two peaks, according to the measurement and characterisation of footsteps 
conducted by Galbraith and Barton (1970), Ohlsson (1982) and Thelandersson and Larsen 
(2003). The first peak denotes the heel strike, and the second corresponds to the toe-lift off 
contact. The amplitude of the second peak is about 1.4 kN, which models the running 
characteristics of a person with a gravity of around 0.7 kN (Ohlsson, 1982). The running rate 
is 3.5 Hz which is within the common range of human running (Rainer et al., 1988; 








Figure 9-8 (a) Running footfall loading positions (unit: mm); (b) Running footfall loading protocol  
The loading protocol shown in Figure 9-8 (b) was input into OPENSEES for each point step 
by step, and the acceleration of the centroid point on the timber floor was measured for 5 
seconds. The testing sequence is shown in Table 9.8. Initially, the TMD was nearly-optimally 
designed, and the system was tested under running-induced vibration in Test No. 21. 
Subsequently, the off-tuning condition was induced by varying the mass added onto the 
timber floor in Test No. 22 and 24. In Test No. 23 and 25, the retuning effects by cooling and 











Table 9.8 Testing sequences for running footfall-induced vibration on timber floor-TMD system and the 
corresponding dynamic parameters 














21 Running 3.5 6603 8.00 21 8.38 110  10.9 Tuned 
22 Running 3.5 6603+850 7.53 21 8.38 110 10.9 Off-
tuned 
23 Running 3.5 6603+850 7.53 11 7.88 110 10.9 Retuning 
24 Running 3.5 6603-150 8.09 21 8.38 110 10.9 Off-
tuned 
25 Running 3.5 6603-150 8.09 120 8.56 110 10.9 Retuning 
(1) total mass of the timber floor system 
(2) natural frequency of the main structure 
(3) working temperature of the SMA beam 
(4) natural frequency of one SMA cantilever beam 
(5) mass attached to the SMA cantilever beam 
(6) equivalent viscous damping ratio of the SMA cantilever beam 
 
 
9.3.2 Results and discussion 
Figure 9-9 shows the time history of the timber floor response under running excitations. 
Figure 9-9 (a) and (c) present a comparison of the structural responses under tuned and off-
tuned conditions. It can be seen that excessive vibration increased when the floor functioned 
with an off-tuned TMD. Table 9.9 presents the maximum acceleration in time history and the 
RMS acceleration of each test. Increasing the structural mass by 850 kg can lead to an 
increase of 11.3% in maximum acceleration and 24.0% in RMS acceleration. As shown in 
Figure 9-9 (b) and Table 9.9, the structural response can be effectively reduced by cooling 
the SMA, in which case the maximum and RMS acceleration decreased by 24.6% and 42.1%, 
respectively.  
Off-tuning by reducing the structural mass can cause an increase in the structural response, 
as seen in Figure 9-9 (c). In the retuning process in Figure 9-9 (d), the SMA heating is limited, 
as the maximum and RMS accelerations increase by 1.4% and 1.0%, respectively. This can 




shows the FFT results of the input running footstep time history. The first three dominant 
frequencies are 3.51, 7.02 and 10.53 Hz. According to Figure 9-3, 9-4 and 9-5, the 
acceleration amplitudes of the floor-TMD system at approximately 3.5 and 10.5 Hz are 
significantly lower in contrast with those around approximately 7 Hz. For this timber floor-
TMD system, retuning by cooling the SMA can effectively lower the structural response at 
approximately 7 Hz when the extra load of 850 kg is added (Figure 9-4). However, heating 
provides less effect, as seen in Figure 9-5, and only the amplitude in the second mode can be 
reduced.  
Regarding the results, when the TMD is off-tuned, the higher dominant frequencies of the 
running footsteps could result in a significant increase of the floor response. In other words, 
running involves a broad range of frequencies, and the higher dominant frequencies 
associated with running could significantly increase the excessive vibration in off-tuning, 
particularly if there is resonance. Therefore, it is important to retune the TMD for the timber 
floor system in order to lower the overall response at a wide range of frequencies, so as to 
attenuate the vibration effectively. This system has the significant potential to be utilised in 
sports centres, gymnasiums and dancing halls. In terms of the limitation of heating SMAs, 
an adaptive damping device can be applied to control the overall amplitude, according to Den 
Hartog (1956)’s theory. Thus, the collaboration between the adaptive damping device and 
the frequency-shifting semi-active TMD should be investigated. 
Compared with the situations without TMD under human footfall excitations, the response 
of the timber floor with TMD could be larger under the excitations from 5.5 to 7.4 Hz and 
from 8.9 to 12.5 Hz as shown in Figure 9-3. The reason is that the single-DOF system is 
changed to a 2DOF system by adding a TMD, and the peak amplitude is split to two small 
peaks. For reducing the overall response in a wide frequency range, the TMD is effective. 
For the situations that there are more people act on the floor, the excitations could be 
combined and thus involve high frequencies. TMD behaves effectively for reducing the high-

















Figure 9-9 Time history of the structural response (a) off-tuning caused by increasing the structural mass; 







Table 9.9 Maximum acceleration in time history and RMS acceleration of each test; Reduction percentage in 























0.651 - 1.977 - 
22 Off-tuned 0.725 -11.3% 
(from 21 to 
22) 
2.451 -24.0% 
(from 21 to 
22) 
23 Retuned  0.547 24.6% (from 
22 to 23) 
1.725 42.1% (from 




0.651 - 1.977 - 
24 Off-tuned 0.852 -30.9% 
(from 21 to 
24) 
2.485 -25.7% 
(from 21 to 
24) 
25 Retuned  0.864 -1.4% (from 
24 to 25) 
2.509 -1.0% (from 







Figure 9-10 FFT analysis of footstep input signal by running 
 
9.3.3 Summary of reducing running footfall-induced vibration 
In this section, the footfall of running was input to excite a timber floor-TMD system 
modelled on OPENSEES. The vibrations of the system with a nearly-optimally tuned, off-
tuned and retuned TMD were assessed under running footfall excitations. When the TMD is 
off-tuned by varying structural mass, the structural response increases. To retune a system in 
which the structural mass is increased, the structural response can be effectively reduced by 
cooling the SMA. However, the effectiveness of retuning by heating the SMA is limited for 
the off-tuning condition in which the mass is reduced. By FFT analysis of the input, the 
higher dominant frequencies of running could resonate with the structural natural frequency 
and consequently increase the structural response when the TMD is off-tuned. Therefore, it 
is important to conduct retuning in order to reduce the overall vibration amplitude in a wide 
frequency range. In terms of the limitations of heating, an adaptive damping approach should 





9.4 Reducing the walking footfall-induced vibration on timber floor systems by 
controlling the TMD using SMA – time domain analysis 
The disruptive vibration of timber floors is closely associated with the movement of people 
either walking or running. In section 9.3, the running footfall-induced vibration on a timber 
floor was controlled by changing the temperature of the SMA in the cases where off-tuning 
conditions were experienced. Regarding low-frequency timber floor systems, such as those 
with a natural frequency less than 8 Hz, the response could be easily dominated by resonant 
vibration caused by the motion of walking. Therefore, this section examines the response of 
a low-frequency timber floor with an off-tuned TMD subject to walking, and aims to 
effectively retune the TMD using SMA with temperature control, which will reduce the 
vibration to a minimum level. 
9.4.1 Methodology 
In order to modify the study to model a low-frequency timber floor system, the thickness of 
the simulated timber floor shown in Figure 9-1 was reduced to 146 mm, thus the natural 
frequency of the timber floor was decreased to 5.39 Hz with the equivalent loadings. To 
achieve the tuning condition according to Den Hartog (1956)’s laws, the thickness of the 
SMA cantilever beams shown in Figure 9-1 was reduced to 7.7 mm and, in consequence, the 
natural frequency of the SMA cantilever beam was modified to 5.66 Hz. Further parameters, 
such as the damping ratio and mass are equivalent to the model employed in the previous 
section. In summary, the nearly-optimal designed dynamic parameters for the low-frequency 
timber floor-TMD system are tabulated in Table 9.10. 
When a mass of 110 kg is loaded at the end of the SMA cantilever beam, a pre-stressed level 
of 218 MPa exists at the clamping side. Referencing the SMA characterisation results under 
different temperatures and the pre-stressed levels tested in Section 5.2, presented in Figure 
5-9, at the pre-stressed level of 216 MPa, the stiffness of the SMA cantilever beam can be 
decreased by 15.62% under cooling to 11℃ and increased by 18.05% under heating to 120℃. 
Therefore, in terms of the thermomechanical properties of the SMA, which provide variable 
stiffness, the natural frequency of the SMA beam in this section is capable of being decreased 





The walking excitations caused by a person on the timber floor were modelled by footsteps 
characterised by Ohlsson (1982), and are presented in Figure 9-11. In Figure 9-11 (b), there 
are two peaks in each step, simulating the respective ‘heel strike’ and ‘tow-lift off’ actions. 
The distance between the two steps is 600 mm, translating to a total of 9 steps when a person 
traverses the floor, as seen in Figure 9-11 (a). The walking rate is 2.3 Hz, which is within the 
common range, according to the characteristics of the human walking conducted by Rainer 
et al. (1988). The amplitude of the first peak of each footfall is approximately 0.9 kN, which 
represents a model where the human exerts a gravity force of approximately 0.7 kN (Ohlsson, 
1982; Thelandersson and Larsen, 2003). The human walking signals depicted in Figure 9-11 
were exerted on the timber floor system by conducting simulations on OPENSEES.  
The testing sequences are tabulated in Table 9.11. In Test No. 26, the dynamic response of 
the timber floor-TMD system in a nearly-optimally tuned condition was tested. In Test No. 
27, the tuning condition was disturbed by adding 1,300 kg to the floor, followed by retuning 
the TMD by cooling the SMA to 11℃ in Test No. 28. The response in the off-tuning 
condition by decreasing the structural mass of 850 kg was tested in Test No. 29 and the 
retuning effect by heating the SMA to 120℃ was assessed in Test No. 30. The dynamic 
response of the system was measured at the centroid point of the floor. 
Table 9.10 Nearly-optimally designed dynamic parameters for main structure and TMD 
Timber floor 𝑓1 5.39 Hz 
𝑚1 6603 kg 
𝑐1 2.00% 
TMD system 𝑓𝑇* 5.66 Hz 
𝑚𝑇* 110 kg 
𝑐𝑇* 10.90% 
Mass ratio  3.33% 



















Table 9.11 Testing sequences for walking footfall-induced vibration on the timber floor-TMD system and the 
corresponding dynamic parameters 






m1 (kg)(1) f1 
(Hz)(2) 








26 Walking 2.3 6603 5.39 21 5.66 110  10.9 Tuned 
27 Walking 2.3 6603+1300 4.93 21 5.66 110 10.9 Off-
tuned 
28 Walking 2.3 6603+1300 4.93 11 5.20 110 10.9 Retuning 
29 Walking 2.3 6603-850 5.77 21 5.66 110 10.9 Off-
tuned 
30 Walking 2.3 6603-850 5.77 120 6.15 110 10.9 Retuning 
(1) total mass of the timber floor system 
(2) natural frequency of the main structure 
(3) working temperature of the SMA beam 
(4) natural frequency of one SMA cantilever beam 
(5) mass attached to the SMA cantilever beam 
(6) equivalent viscous damping ratio of the SMA cantilever beam 
 
 
9.4.2 Results  
The 5-second acceleration time history for each test recorded at the centroid point of the floor 
is presented in Figure 9-12. In Figure 9-12 (a), a comparison of the structural response 
between the off-tuning condition and the nearly-optimally tuning condition is revealed. It can 
be clearly observed that the structural response increased when the TMD was off-tuned in 
Test No. 27. Table 9.12 demonstrates that the maximum and RMS acceleration of the time 
history were increased by 9.8% and 55.1% owing to off-tuning. By retuning through cooling 
the SMA, Figure 9-12 (b) shows that the structural dynamic response was reduced 
significantly. The maximum and RMS acceleration were decreased by 26.6% and 33.2% 
(from Test No. 27 to 28), respectively.  
In Test No. 29, 850 kg was removed from the floor mass to simulate the off-tuning scenario, 
and the structural response was thus tested. However, unlike the expected reaction of the 
structural response in the off-tuning condition, Figure 9-12 (c) shows that the structural 




in Test No. 30, the structural response exhibited a small increment, as observed in Figure 9-
12 (d). Table 9.12 illustrates that the increases were 4.1% in maximum acceleration and 9.2% 












Figure 9-12 Time history of the structural response (a) off-tuning caused by increasing the structural mass; 









Table 9.12 Maximum acceleration in time history and RMS acceleration of each test; Reduction percentage 























0.511 - 1.580 - 
27 Off-tuned 0.561 -9.8% (from 
26 to 27) 
2.450 -55.1% 
(from 26 to 
27) 
28 Retuned  0.412 26.6% (from 
27 to 28) 
1.637 33.2% (from 




0.511 - 1.580 - 
29 Off-tuned 0.459 10.2% (from 
26 to 29) 
1.556 1.5% (from 
26 to 29) 
30 Retuned  0.478 -4.1% (from 
29 to 30) 
1.699 -9.2% (from 
29 to 30) 
 
9.4.3 Discussion 
The aforementioned results show that, in a low-frequency floor-TMD system, cooling the 
SMA can effectively retune the off-tuned TMD and thus, control the excessive vibration 
exerted by walking footfall. However, contrary to the expected results, it was determined that 
the off-tuning condition induced by decreasing the structural mass did not generate the 
increased acceleration. This unexpected result can be explained by conducting analysis in the 
frequency domain. Figure 9-13 shows the FFT results using the free decaying data. Figure 9-
13 (a) illustrates the effect of the nearly-optimal tuned TMD, whereas Figures 9-13 (b) and 
(c) present the off-tuning effect caused by increasing and decreasing the floor mass as well 
as the retuning effect by cooling and heating the SMA in the frequency domain. Figure 9-13 
(b) reveals that increasing the main structural mass reduces the structural natural frequency 




consequently, the response in the first mode rises. Retuning by cooling the SMA is capable 
of balancing the amplitudes between the first two modes; therefore, the response in the first 
mode can be reduced. According to the FFT analysis of the input signal, as shown in Figure 
9-14, the primary dominant frequencies of walking footfall are 2.3, 4.6 and 6.9 Hz. 
Furthermore, the influences at the excitation frequencies of 2.3 and 4.6 Hz are the most 
significant and these two frequencies are approximate to the first structural natural frequency. 
As shown in Figure 9-13 (b), at these frequencies, the response can be effectively reduced 
through SMA cooling.  
It can be observed from Figure 9-13 (c) that decreasing the mass on the main structure can 
cause off-tuning of the TMD and, in consequence, the unbalanced response in the first two 
modes occurs. Specifically, the off-tuning lowers the response in the first mode and increases 
the response in the second mode. In other words, for frequencies lower than 6.5 Hz, the 
acceleration amplitude decreases. Under the excitations of walking that involve relatively 
low frequencies (e.g. 2.3 and 4.6 Hz), excessive vibrations are not induced by off-tuning 
because the response is lowered at 2.3 and 4.6 Hz, as seen in Figure 9-13 (c). Therefore, 
retuning using SMA heating is not necessary in this circumstance, otherwise the retuning 
could increase the response in the first mode, even though the amplitudes of the first two 
modes are balanced. 
In scenarios that include low-frequency timber floor-TMD systems, the off-tuning caused by 
decreasing the floor mass does not induce larger excessive vibration caused by people 
walking because the response around the first natural frequency is lowered. Thus, retuning is 
not required in such cases. However, if there are multiple subjects walking on the timber 
floor, the footfall excitations could overlap, resulting in the generation of excitations at a 
higher frequency. An adaptive damping device could effectively collaborate with the SMA-
based semi-active TMD for damping control in order to reduce the overall vibration 














Figure 9-13 (a) Frequency response of a timber floor system without TMD and with optimally-tuned TMD 
(𝒎𝟏=6603kg); (b) Frequency response of a timber floor system with TMD, with off-tuned TMD and with 
retuned TMD (𝒎𝟏=6603+1300kg); (c) Frequency response of a timber floor system with TMD, with off-
tuned TMD and with retuned TMD (𝒎𝟏=6603-850kg); 
 




9.4.4 Summary of reducing walking footfall-induced vibration 
In this section, the SMA-based semi-active TMD is installed on a low-frequency timber floor 
with a natural frequency less than 8 Hz, and this system is tested under walking footfall 
excitations. The off-tuning issue caused by increasing the floor mass can lead to larger 
vibration, and retuning by cooling the SMA can effectively reduce the excessive vibration. 
Contrary to the expected results, the off-tuning condition induced by decreasing the floor 
mass does not cause larger vibration on the floor-TMD system. The analysis in the frequency 
domain shows that the structural frequency moves to the higher range by decreasing the mass 
and the response in the first mode is lowered. Thus, the dominant frequencies associated with 
walking are prevented from inducing large vibrations. In this case, the operation of retuning 
the TMD is not necessary because the retuning process could, in fact, increase the response 
around the first natural frequency. However, in cases where there are multiple subjects 
walking on the floor, an adaptive damping device should be developed in order to collaborate 
with this SMA-based semi-active TMD. 
9.5 Summary 
In this study, a pre-stressed SMA was applied to a timber floor system for semi-actively 
control of the TMD. The study was conducted by simulation on OPENSEES, a finite element 
modelling software. By analysing the free vibration in the frequency domain, it was 
determined that the off-tuning caused by varying the main structural mass can lead to an 
increase in the structural response. By retuning the natural frequencies using temperature 
control on the SMA, the vibration amplitude can be reduced by up to 26% at a wide range of 
frequencies.  
Temperature control on SMAs can also be used for reducing machine-induced harmonic 
vibration as shifting the frequencies can prevent resonance. Both heating and cooling can be 
effective in attenuating the excessive vibration resulting from resonance, and the vibration 
can be reduced by up to 45.93%. However, this temperature control approach can only be 
effective around the first two modes of the entire system.  
The disruptive vibration of timber floors is closely associated to human activities, such as 




frequencies, where the higher dominant frequencies could cause resonance and increase the 
structural response when the TMD is off-tuned. Therefore, retuning of the floor system is 
essential in order to reduce the overall amplitude in a broader frequency range. When the 
floor system is subject to running excitations, the SMA with temperature control can 
effectively retune the natural frequency and reduce vibration. Under heating of the SMA, the 
effectiveness is limited, because only the response in the second mode can be reduced. An 
adaptive damping device could collaborate with the SMA-based TMD and provide adequate 
damping in order to control the overall vibration amplitude. When the floor-TMD system is 
subject to walking, which involves relatively low dominant frequencies, cooling the SMA is 
effective in reducing the off-tuning excessive vibration caused by increasing floor mass. 
Contrary to expectations, there is no increased vibration in the off-tuning condition caused 
by decreasing floor mass, because the response at the lower frequency range decreases. 
Therefore, it is not necessary to retune the off-tuned TMD in this case. For overlapping 
excitations and higher-frequency excitations, the potential of a device with a variable 
damping coefficient should be investigated in order to assess the applicability of 
collaboration with the SMA. Moreover, the variance of the mechanical properties of SMAs 
while heating should be larger, and the SMAs with higher phase transformations should be 












Chapter 10 Conclusion 
This thesis has the aim of developing a temperature controlled semi-active TMD using SMA 
for civil structural applications. It addresses the off-tuning issue experienced by TMDs while 
in service of a building structure. In a TMD, the SMA can provide variable stiffness and 
damping ratio for tuning the TMD to optimal conditions. In this thesis, the SMA is 
characterised in terms of its dynamic properties and temperature effect, and the feasibility of 
semi-active control is investigated by conducting theoretical and experimental studies. For 
practical usage, the effectiveness of the TMD is assessed in the applications for reducing 
lateral excitations caused by earthquakes and wind as well as vertical excitations on floor 
systems.  
While a TMD is in service, the associated main structural mass could be varied because of 
changes of facilities and human movements as well as decoration; the stiffness could also be 
modified owing to structural damage, material fatigue, environmental changes or 
strengthening. Thus, these conditions can generate variance in the structural natural 
frequencies with the consequence of off-tuning the TMD. The structural response can be 
increased as a result of off-tuning, and the structural components can even be destroyed if 
resonance occurs between the excitation and the off-tuning natural frequencies. The 
temperature controlled TMD developed in this study was designed with the aim of retuning 
the main structural natural frequencies to an optimal condition; thus, the excessive vibration 
can be reduced. The semi-active TMD is not only mechanically simple but also provides 
economical and energy-saving properties in contrast to active control.  
SMAs are smart materials with self-centring and particular phase transformation capacities, 
and they have significant potential to be utilised in TMD systems. This thesis conducted 
material characterisations on NiTi and Cu-Al-Mn SMA bars in order to understand the 
dynamic properties under cyclic loadings. The results show that SMAs have a superior self-
centring effect, which can effectively reduce the residual strain. The Cu-Al-Mn SMA exhibits 
more effective behaviour as it provides higher damping and longer fatigue life that are 
preferable in applications to reduce both wind-induced and seismic vibrations. However, the 
damping decaying of Cu-Al-Mn SMA caused by dislocation slip should be taken into 




The importance of the semi-active TMD was studied by theoretical modelling on MATLAB. 
A 10DOF system was constructed on MATLAB and was equipped with a TMD at the end. 
By changing the main structural stiffness, the tuning condition can be varied. Control of the 
stiffness and damping coefficient of the TMD can effectively reduce the displacement 
amplitude. Another finding was revealed by modelling the TMD with a different mass ratio 
from 2% to 4%. The requirement for adjusting the stiffness and damping coefficient of the 
TMD was lowered when the mass ratio was 2%, in contrast with 3% and 4%. Thus, semi-
active control can be developed to provide energy-saving and cost-efficient benefits.  
For the applications of SMAs in such semi-active control systems with adjusting temperature, 
Cu-Al-Mn SMA bars are characterised under different temperatures and pre-stressed levels. 
It was determined that the stiffness of the SMA increases and the damping ratio decreases at 
higher temperatures. When the pre-stressed level approaches the transformation temperature, 
the dynamic properties of the SMA are increasingly sensitive to temperature.  
The feasibility of the semi-active TMD by controlling the temperature of the SMA was tested 
experimentally by using a cantilever beam. The SMA was pre-stressed to its transformation 
stress level and aligned to the end side of the beam. By applying an impulse to induce the 
free vibration, the structural response was analysed in the frequency domain. In a nearly 
optimal condition, the TMD was able to reduce the response in a wide range of frequencies, 
while the response increased when the tuning was disturbed. Cooling the SMA can 
effectively retune the structure. However, heating the SMA is only capable of reducing the 
vibration in a narrow frequency range as the damping is reduced. An adequate damping 
complement is required for SMA temperature control in future applications. 
For practical use of this semi-active TMD in civil structures, earthquake and the wind-
induced vibrations should be considered, because they are the most frequently occurring 
lateral excitations on buildings. This thesis conducted experimental studies on a shaking table 
by simulating seismic excitations. A steel framed structure with a non-pre-stressed SMA-
based TMD was excited by three different earthquake excitations, and the optimal tuning, 
off-tuning and retuning conditions were examined by analysing the acceleration time history 
of the highest point on the main structure. By retuning the TMD using the cooling SMA 




effectively reduced up to 23.98% and 35.51% under the earthquake conditions, respectively. 
However, the damping deduction caused by SMA heating influences the effectiveness of 
retuning, and only one case was observed where the RMS acceleration could be reduced.  
Wind-induced vibration is another significant lateral excitation to be taken into consideration. 
Although numerical modelling has been previously utilised, a new experimental approach to 
simulate wind action was investigated in this thesis, in which the wind action is modelled 
using a shaking table. The wind is initially generated by autoregressive models, and then 
transformed to ground motion through derivation. Under wind action, the off-tuning can 
induce larger vibrations by up to 20.88% on the steel framed structure. By SMA cooling to -
20℃ and -40℃, the vibration under wind action can be effectively reduced; however, the 
effect of heating the SMA is limited. Therefore, additional damping for the TMD while 
heating is necessary. Moreover, the sensitivity of the SMA to the higher temperature is 
minimal, since the transformation temperature is low. Consequently, an SMA with a higher 
transformation temperature should be studied for potential use in temperature control. 
In terms of vertical excitations, the vibrations of a timber floor were studied in this thesis. 
Excitations on a floor can be complex, therefore, free vibration, machine-induced vibration 
and human footfall-induced vibration are all considered for application on the timber floor to 
assess the effectiveness of the semi-active TMD. The study was conducted through 
simulations. To overcome the problems caused by damping losses while SMA heating, the 
damping ratio of the TMD can be increased to a satisfactory level by modelling a 
supplementary damping device or material which collaborates with the TMD. For reducing 
the floor vibration in a wide range of frequencies, both cooling and heating the SMA are 
effective in retuning an off-tuned TMD. For a specific frequency, such as machine-induced 
vibration, temperature control on the SMA can shift the natural frequency of the system to 
avoid resonance, thus the vibration can be controlled to a lower level. The excitation of the 
footfall involves more than one excitation frequency, and the higher dominant frequencies 
can resonate with the off-tuning frequencies, increasing the structural response. The results 
show that retuning using an SMA can effectively lower the structural response at a wide 




By means of the experimental and numerical assessment, it was determined that the 
temperature controlled semi-active TMD using an SMA is capable of controlling the 
excessive vibration caused by off-tuning for civil structures. The potential is significant, but 
more studies should be conducted in the in the future to optimise the performance. 
10.1 Potential future works 
By considering the issues and limitations found in this study and through future 
improvements in the field, the level of performance of this type of TMD can be significantly 
enhanced.  
SMA is a smart material with particular self-centring and thermomechanical properties, 
which are effectively demonstrated by application in the TMD examined by this thesis. 
Regarding the long-term applications, the material treatments should be studied for Cu-Al-
Mn SMA bars in order to stabilise the dynamic properties, such as damping and stiffness. 
Single-grain Cu-Al-Mn SMAs have a longer fatigue life as the grain boundary is usually a 
weak section susceptible to fracture; therefore, single-grain Cu-Al-Mn SMAs have 
significant potential to be employed in structures that experience wind-induced vibration.   
In this study, heating the SMA provided limited variable stiffness and damping compared to 
cooling. The reason for this can be explained by the phase transformation temperature of the 
SMA being at a lower temperature level, and as the SMA is more sensitive to temperature 
around the phase transformation temperatures range. In the future, studies investigating the 
manufacture of SMAs with higher phase transformation temperatures should be investigated. 
The applications of these materials could substantially increase the retuning capacity. 
In the retuning process, although controlling the natural frequencies of the TMD by 
temperature is essential, control of the damping ratio is equally important. Heating the SMA 
can lead to less damping, which could cause a larger structural response. Therefore, 
supplementary damping in the TMD should be implemented in practice by installing a 
damping device and adding damping materials. The application of eddy current and MR 
devices for providing a variable damping coefficient should be studied further in terms of 




applied to a TMD system, in which separate bars in the system could be heated or cooled 
simultaneously, which would generate satisfactory stiffness and damping levels.  
In order to apply this temperature controlled SMA-based semi-active TMD to the real life of 
civil engineering, the scaling to the real civil structures is important to be taken into 
consideration, as most of the studies in this thesis are conducted in the laboratory scale. In 
the case of using in large-scale structures, the large-size SMA bars should be employed in 
order to render this TMD possible in practice. With the development of the material 
manufacture process, the abnormal grain growth (AGG) method as a thermomechanical 
treatment has been implemented to produce Cu-Al-Mn SMA bars with the grain size larger 
than the diameter (Omori et al., 2013). The ‘bamboo-like’ grain structure can reduce the 
constraint by the polycrystalline structure and improve superelasticity. This improvement of 
the SMA fabrication and thermomechanical treatment has led to the potential of producing 
large-size SMA bars with a diameter of up to 30 mm. Even though the Cu-Al-Mn SMA bars 
are becoming increasingly applicable in civil engineering applications, the long grain 
boundary caused by the ‘bamboo-like’ grain structure could constitute a limitation for the 
practical implementation of the application because it can easily induce the fractures. Thus, 
the strengthening of the grain boundary should be a future research direction. Another current 
limitation is that the large-size Cu-Al-Mn SMA is difficult to be bought in today’s market, 
as the manufacture process of the large-size Cu-Al-Mn SMA bars is still under development. 
Two Japanese material companies, namely Furukawa Techno Material Co., Ltd. and Shinko 
Metal Products Co., Ltd are dedicated to improving the manufacture methods and producing 
the Cu-Al-Mn bars on a large scale because copper is cost-effective and has good cold 
workability and machinability (Omori et al., 2013; Araki et al., 2014). Overall, it is possible 
for large-size SMA bars to be manufactured and become available for construction use. 
Considering the fact that the common design value of the mass ratio between the TMD and 
the main structure is 1/50-1/15 (Bachmann, 1995), the mass of the TMD could be large for 
large-scale building structures such as high-rise buildings; for example, the mass of the TMD 
in the John Hancock Center is 300 tonnes. The strength capacity of the Cu-Al-Mn SMA bar 
is very limited to controlling the deformation of a TMD with such a large mass even though 




order to overcome this problem, there are two ways that can be further studied. The first way 
is that the SMA bars can be installed in parallel as seen in Figure 2-27, and thus the stiffness 
can be combined and increased. The second way is to employ the multi-TMD system as 
shown in Figure 2-31. The multi-TMD system suggests there are more than one TMD 
installed on the structure for frequency tuning, and that the mass of TMD can be distributed. 
For instance, in Lewandowski and Grzymislawska (2009)’s research, a single TMD is 
replaced by multiple small TMDs, and the mass of the small TMD can account for 
approximately 23% of that of the single one. The multi-TMD is good at controlling the 
structural vibration in more than one mode shape and can improve the effectiveness in a 
wider frequency band. Therefore, the multi-TMD system makes it possible to increase the 
practicability of SMA bars and also improve the vibration reduction capacity.  
For varying the in-service temperature of the SMA in a real TMD system, the temperature 
controllability for the large-size SMA could be a limitation. The thermal conductivity of 
copper is 4.4 times that of nickel and 18.2 times that of titanium, therefore the copper-based 
SMA is more preferred for the temperature control in a large scale in comparison to the NiTi 
SMA. However, electrical heating is less effective on copper-based SMAs because of its low 
resistance. Therefore, heating by wrapping energised wires and cooling by freezing sprays 
for copper-based SMA are more applicable. By using this temperature control method, a 
limitation arises whereby the temperature control could be slow by heating and cooling from 
the surface to the centre. For the applications under wind excitations, the control can be 
effective because the control time can be longer. However, in order to reduce seismic 
vibrations, the response of the TMD is required to be fast. A multi-TMD system has the 
potential to increase the effectiveness of SMA bars. Because the large single TMD is 
distributed to small TMDs in a small scale, the temperature control on the SMA bars can 
become easier and faster. Furthermore, the multi-TMD system improves the control for a 
wider frequency range, which is beneficial for the seismic vibration control. Therefore, the 
application of the multi-TMD system with SMA temperature control should be a future 
research direction for large-scale structures. 
When SMAs are particularly used in a building, the weather can influence the mechanical 




SMA designs, a safety gap between the transformation temperatures and the in-service 
temperature should be reserved for reducing the environmental influences. This requires the 
further development of the manufacture process of SMAs in order to increase the 
construability for producing an SMA with specific transformation temperatures. 
In the future evolution of the semi-active TMD system, a sensor and a control system should 
be incorporated in the system. One function of the sensor would be to detect the excessive 
vibration, and another function would be to inspect the variance of structural natural 
frequencies. Once off-tuning is detected, the control system can compute the frequency the 
TMD should retune to, and transmit the required temperature to the heater and cooler for 
controlling the SMA. During retuning, the sensor can monitor the structural response and 
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